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INTRODUCTION
Posttranscriptional cleavage of mRNA precursor is an essential step in mRNA maturation. Following cleavage, most eukaryotic mRNAs, with the exception of replication-dependent histone transcripts in some organisms, acquire a poly(A) tract at their 3Ј ends. The process of 3Ј-end formation promotes transcription termination (101) and transport of the mRNA from the nucleus (215) . The poly(A) tail, most probably by providing a binding site for poly(A) binding protein (105) , also enhances the translation and stability of mRNA (149, 368, 399, 488) .
Defects in mRNA 3Ј-end formation can profoundly alter cell viability, growth, and development. The essential nature of the yeast genes encoding components of the polyadenylation pathway emphasizes the importance of this process. In metazoan cells, in vivo depletion of one of the cleavage proteins, CstF-64, causes cell cycle arrest and ultimately apoptotic cell death (451) . A failure to correctly modify the metazoan poly(A) polymerase during the cell cycle is thought to cause a lower growth rate and cell accumulation in the G 0 -G 1 phase (516) . The appearance of short GCG repeats in the gene encoding the PAB II polyadenylation factor is associated with oculopharyngeal muscular dystrophy (59) . The formation of mRNA 3Ј ends is a key regulatory step in the expression of many genes, and in some cases aberrant polyadenylation leads to disease. In humans, such defects cause thalassemias (203, 345) and a lysosomal storage disorder (161) . Inappropriate polyadenylation may also contribute to the abnormal processing of the EAAT2 glutamate transporter transcripts observed in the brains of patients with sporadic amyotrophic lateral sclerosis (262) . In this disease, the loss of functional EAAT2 correlates with motor neuron degeneration. Research into the fundamental mechanism of mRNA 3Ј-end formation and its regulation should lead to a better understanding of its crucial role in normal cell growth and development.
The past few years have brought astounding progress in our understanding of the biochemistry of mRNA 3Ј-end formation, its regulation, and its interaction with other aspects of mRNA synthesis. The factors which comprise the basic polyadenylation machinery have been identified, and the coding sequence of many, if not most, of the protein subunits has become available. The molecular mechanism by which several regulatory elements stimulate or inhibit polyadenylation has been dissected in exquisite detail, and the intimate involvement of splicing factors at these sites has been made clear. In addition, much information has accumulated on how the basic polyadenylation machinery is regulated to control the choice of poly(A) site or activity of the poly(A) polymerase. Finally, the coupling of transcription and mRNA 3Ј-end formation has been convincingly demonstrated in a variety of ways.
We have tried to provide sufficient background information that the reader can evaluate the developments in our understanding of mRNA 3Ј-end formation, primarily over the last 5 years. Due to space constraints, we are not able to give a more thorough historical account, and so we have focused on a limited number of examples to illustrate the paradigms emerging in the field. We ask the readers to refer to several recent reviews on constitutive and regulated polyadenylation for additional details (101, 139, 238, 473, 475a) . Cytoplasmic polyadenylation and the role of the poly(A) tail in translation is covered in a review by Richter elsewhere in this issue (384a) .
CLEAVAGE/POLYADENYLATION PATHWAY

RNA Sequences Which Specify Cleavage and
Polyadenylation Sequences on the RNA precursor ultimately determine the processing efficiency in a given cellular environment. The cisacting elements specifying cleavage and polyadenylation and the cleavage of replication-dependent histone pre-mRNA in animal cells are well defined. Research in the last few years has led to a much better understanding of the polyadenylation signals in yeasts.
Mammalian polyadenylation signals. In mammalian cells, three elements define the core polyadenylation signal-the highly conserved hexanucleotide AAUAAA found 10 to 30 nucleotides upstream of the cleavage site, a less highly conserved U-rich or GU-rich element located downstream of the cleavage site, and the cleavage site itself, which becomes the point of poly(A) addition and is thus generally referred to as the poly(A) site (Fig. 1) . Additional sequences outside of this core recruit regulatory factors or maintain the core signal in an open and accessible structure.
(i) AAUAAA motif. The consensus sequence AAUAAA was initially revealed by a comparison of nucleotide sequences pre-ceding the poly(A) sites in several mRNAs (377) and has since been found in almost all polyadenylated mRNAs of animal cells (473) . Extensive mutagenesis studies and the analysis of naturally occurring mutations have conclusively established that this hexanucleotide is essential for both cleavage and poly(A) addition (reviewed in references 286, 472, and 487) . The sequence AAUAAA is one of the most highly conserved sequence elements known (374) . The most frequent variant is AUUAAA, whose activity is comparable to that of the canonical sequence. Mutations of any other nucleotide strongly inhibit processing (422, 489, 496) , although in some genes, these forms are the only hexanucleotide-like sequences upstream of the poly(A) site. Poly(A) sites with these variants, as well as those that have no discernible upstream AAUAAA element, i.e., no sequence differing by less than 2 nucleotides from the consensus, are usually associated with alternative (208, 421, 508) or tissue-specific (76, 476) polyadenylation.
(ii) Downstream elements. The second element of the core polyadenylation signal is within approximately 30 nucleotides downstream of the poly(A) site. This downstream element (DSE) is more diffuse and poorly conserved, and two main types have been described, a U-rich element and a GU-rich element. The U-rich element is a short run of U residues (94, 162) . The GU-rich type has the consensus YGUGUUYY (Y ϭ pyrimidine) and has been found downstream of the poly(A) site in two-thirds of the 70 genes surveyed in a 1985 study (302) . A polyadenylation signal may have only one DSE (94, 300) or may have both a U-rich element and a GU-rich element working together synergistically (162) . However, some DSEs contain no matches to either the U-or GU-rich motif (431) . Point mutations or small deletions in the DSE have only weak effects, and larger deletions are required to abolish function, which is in agreement with the idea that the DSE is poorly defined and possibly redundant (510) . Nevertheless, the proximity of the DSE to the poly(A) site can affect the cleavage site position (280, 294) and the efficiency of cleavage (162, 300) .
(iii) Poly(A) site. The selection of the cleavage site is determined mainly by the distance between the upstream AAU AAA sequence and the DSE(s) (80) . The local sequence surrounding the cleavage site is not conserved, although adenosine is found at the cleavage site of 70% of vertebrate mRNAs (422) . Thus, the first nucleotide of the poly(A) tail in most mRNAs is probably template encoded, although this has been proven experimentally in vitro for only two poly(A) sites (317, 422) . A study involving saturation mutagenesis demonstrated that the order of preference for the cleavage site nucleotide follows the order of A Ͼ U Ͼ C ӷ G (80) . The pentultimate nucleotide is most often a C residue (in 59% of all genes analyzed) (422) . Thus, a CA dinucleotide defines the poly(A) site for most genes. (iv) Auxiliary sequences. Other sequence elements can modulate the efficiency of 3Ј processing in a positive or negative fashion. The molecular mechanisms by which some of these operate are described in later sections, and only the auxiliary sequences are discussed here. One class of enhancer sequence is located upstream of the AAUAAA element (USE) (Fig. 1) , and has been found primarily in viral poly(A) sites, such as adenovirus E3 (43) , adenovirus L1 (126) , adenovirus L3 (372, 373) , adenovirus L4 (431), Epstein-Barr virus DNA polymerase (427) , simian virus 40 (SV40) late (74, 277, 410) , ground squirrel hepatitis virus (392) , and retroviruses such as human immunodeficiency virus type 1 (HIV-1) (65, 87, 127, 128, 466) . These USEs are often U rich, but a consensus sequence has not emerged (Table 1) .
While USEs are common among viruses, such USEs have recently been identified in the poly(A) sites of two cellular genes, one encoding the complement factor C2 (319, 320) and the other encoding lamin B2 (57) . The polyadenylation of both mRNAs is enhanced by their respective USEs. As with viral USEs, they are also U rich (57, 320 ). An additional class of USEs, found in transcripts from the mouse histone H2a, herpes simplex virus thymidine kinase (HSV-TK) and hepatitis B virus genes, were originally identified by their ability to stimulate the transport of intronless mRNAs and subsequently shown to promote polyadenylation as well (217) .
In contrast to USEs, it has been difficult to define an auxiliary downstream enhancer, primarily due to the diverse nature of the DSE and the ability of these elements to work additively. However, investigation of sequences downstream of the U-rich element of the SV40 late polyadenylation signal has led to the identification of a G-rich sequence that positively influences processing efficiency (27, 81) . In another example, a pseudoexon sequence in calcitonin/CGRP transcripts has been shown to stimulate processing at an upstream poly(A) site (270, 271) .
The sequences described above are thought to work by acting as recognition sites for factors which stabilize the polyadenylation complex. However, the last few years have brought an increasing appreciation of the influence of secondary structure on polyadenylation. In many lentiviruses, the RNA structure itself is the key feature. In the transcripts of human T-cell leukemia virus types 1 and 2 and bovine leukemia virus, the AAUAAA signal and the cleavage site are almost 300 nucleotides apart and a stem-loop in the intervening sequence brings the two sequences closer together (reviewed in reference 180). In HIV-1, the TAR stem-loop structure juxtaposes the USE and the AAUAAA (163) . Secondary structure downstream of the murine immunoglobulin M secretory poly(A) site is critical for positively regulating the use of this site (361) , while a stem-loop containing the HIV-1 core poly(A) signal (247) as well as base-pairing in hepatitis delta virus transcripts (211) reduces processing. The presentation of the adenovirus L4 AAUAAA in a loop whose stem is partially composed of the upstream enhancer is important for efficient processing (430) . Sequences chosen for optimal function as a USE by selection amplification were found to keep the AAUAAA in an extensive open region (172, 173) , and a similar function has been proposed for sequences beyond the DSE of several genes (81) .
Negative regulatory elements have been described upstream of the U1A and the bovine papillomavirus late poly(A) sites (154, 177, 179) and downstream of the promoter-proximal HIV-1 poly(A) site (20) . Two elements have been identified in Xenopus albumin mRNA that cause the poly(A) tail to be limited in vivo to about 20 nucleotides (117) . These elements share a similar 8-nucleotide sequence, CUGARRAR (R ϭ purine). Because the short tails are found on incompletely spliced RNAs, this regulation, which operates in both Xenopus and mouse cells, is thought to occur in the nucleus (382) . In vitro analysis should clarify the mechanism of this interesting regulation.
Yeast polyadenylation signals. Signals which direct mRNA 3Ј-end formation in the yeast Saccharomyces cerevisiae are somewhat different from those used in higher eukaryotes in both sequence and organization. Yeast polyadenylation signals are less highly conserved than are poly(A) signals in higher eukaryotes and are unexpectedly complicated. At least three elements are needed to make up a minimal yeast mRNA 3Ј-end region: (i) the UA-rich efficiency element and related sequences, functioning to activate the positioning element; (ii) the A-rich positioning element, which directs the position of the cleavage site; and (iii) the actual site of polyadenylation, PyA n ( Fig. 1) (reviewed in reference 182) . A recent analysis of 1,352 pre-mRNA 3Ј-end processing sites, corresponding to 861 different genes, has confirmed this organization of signal sequences (170) .
(i) Efficiency element. Efficiency elements are found at a variable distance upstream of the cleavage site and often contain alternating UA dinucleotides or U-rich stretches. Early comparisons of a number of yeast mRNA 3Ј ends led to the proposal of a bipartite motif UAG . . . UAUGUA (395) . Another sequence, UUUUUAUA, was also identified as an efficiency element in several yeast genes including GCN4, PHO5, and ADH1 (141, 181, 198, 199, 224) . A subsequent study reduced these putative signals to a hexanucleotide, UAYRUA, with the sequence UAUAUA working best for mRNA 3Ј-end formation (223) . The U residues at the first and fifth positions are the most critical nucleotides in this sequence. Furthermore, computer analysis has shown that more than half of the approximately 1,000 yeast nuclear genes examined contain UAU AUA sequences in their 3Ј region (181) . Thus, most yeast genes, e.g., GAL7 and MRP2 (1, 356) , use UAUAUA as the efficiency element, while other genes, e.g., CYC1 and GCN4, appear to use related sequences, such as UAUUUA, UAUG UA, and UUUUUAUA (141, 181) .
(ii) Positioning element. The second element, the positioning element, directs cleavage to a position approximately 20 nucleotides downstream of this sequence. Deletion or mutation of the sequence UUAAGAAC in the 3Ј region of CYC1 changes the location of the poly(A) site but not the overall mRNA processing level, indicating that it represents a signal distinct from the efficiency element (395) . In addition to the sequence UUAAGAAC, several other A-rich sequences have been characterized as positioning elements, with AAUAAA and AAAAAA being the most efficient (183) . Related motifs are also functional, except that sequences such as GAUAAA, GAAGAA, and GAAUAA are either inefficient or completely inactive, suggesting that a guanosine residue at the first position has an inhibitory effect on the signal function.
The positioning element can also contribute to the efficiency of processing, as seen from the fact that deletion of the AAU AAA motif in the 3Ј-end region of the ADH2 gene, the GAL7 gene, or a heterologous cauliflower mosaic virus gene resulted in a reduction in the use of wild-type poly(A) site (1, 222, 225) . A single point mutation in the TRP4 gene altered the efficiency of processing as well as the selection of the poly(A) site (133) . The positioning element normally resides between the efficiency element and the poly(A) site, but for the FBP1 gene, it is found upstream of a series of efficiency motifs (18) .
(iii) Poly(A) site. Mapping of the poly(A) sites of several yeast genes has shown that polyadenylation occurs most frequently at a Py(A) n sequence (Py ϭ pyrimidine) (36, 195) . In contrast to animal genes, in which a single poly(A) site is found downstream of AAUAAA, many yeast genes use a cluster of poly(A) sites downstream of the efficiency and positioning elements. When positioning elements are mutated, the poly(A) sites become scattered over a much broader region (17, 194, 396) . A recent survey indicates that T-rich motifs are frequently found immediately before and after the poly(A) site, especially in genes with suboptimal efficiency or positioning elements (170) . The importance of these flanking sequences has not been tested experimentally.
(iv) Additional properties of yeast polyadenylation signals. Some yeast polyadenylation signals function in both orientations (17, 224, 356) . This is in part due to the convergent transcription of closely packed genes. When this is not the case, it is likely that the sequence variability of the yeast signal motifs, the general TA richness of the 3Ј ends of yeast genes (170) , and the primary dependence on the UA-rich element, and not the positioning element, for efficient processing will increase the probability that an adequate signal is fortuitously found in the reverse orientation.
The efficiency and positioning elements are not only degenerate but also redundant, and most yeast polyadenylation signals are more complex than the minimal one presented in Fig.  1 . The sequence redundancy provides an explanation why deletion or mutation of such motifs in several yeast genes has only slight or no effect. In the GCN4 gene, mutation of both copies of the UUUUAU sequence was necessary to reduce processing activity in vitro (141) . The CYC1 gene employs multiple weaker elements (UUUAUA, UAUGUU, and UAU UUA) which act additively to constitute a strong signal (181) . Deletion of an AAUAAA sequence upstream of the poly(A) site of the ADE8 transcript had no apparent effect, which may be due to the presence of two copies of the AAAAA sequence adjacent to AAUAAA (199) .
The necessity for a specific sequence downstream of the cleavage site in yeast is not clear. A downstream sequence is required for efficient in vivo 3Ј-end processing of the ADH2 transcript (222) . In many cases, deletion of all or nearly all downstream sequences has little or no effect on 3Ј-end formation (18, 141, 210, 356, 401) , and in vitro substrates with as few as 7 to 10 nucleotides beyond the poly(A) site are efficiently cleaved (82, 401) . The presence of mRNA secondary structure around signal sequences may be important in some yeast genes (222, 401) , and a long-range interaction of 5Ј and 3Ј untranslated regions has been demonstrated for MFA2 mRNA (130) . While the contribution of RNA conformation has not been rigorously investigated for any site, circular RNA substrates are not cleaved in vitro (443) .
The polyadenylation signals of the fission yeast, Schizosaccharomyces pombe, have been characterized only for the ura4 gene (219) . In this case, three elements were important: two site-determining elements upstream of the poly(A) sites and an efficiency element downstream of the poly(A) sites.
Plant polyadenylation signals. The process of mRNA 3Ј-end formation in plants is poorly understood, but some information on important cis-acting elements is available (reviewed in references 220 and 387). At least three signals are required: the near-upstream element (NUE), the far-upstream element (FUE), and the cleavage site itself (Fig. 1) . NUE is located about 10 to 30 nucleotides upstream of the cleavage site and presents in variant forms, from AAUAAA-like motifs to other related or unrelated sequences. FUE is usually U rich and is found approximately 100 nucleotides upstream of the cleavage site. Similar to other organisms, cleavage often occurs at a PyA dinucleotide. There are multiple cleavage sites in many genes, and use of a particular site is determined predominantly by the position of the NUE.
Comparison of polyadenylation signals in mammals, yeast, and plants. A tripartite signal, composed of an A-rich sequence, a U-rich element, and a PyA cleavage site forms a common minimal polyadenylation signal in all eukaryotes (Fig.  1) . In mammals, the hexanucleotide AAUAAA is highly conserved, present in a single copy, and absolutely necessary for 3Ј-end processing. In yeast, the A-rich motif sometimes serves only to position the poly(A) site and is often duplicated. The second set of sequence elements are U rich or UA rich and work in conjunction with the A-rich sequence. In mammals, these are most often present in single copy downstream of the cleavage site and are essential. When located upstream of the A-rich signal, they are stimulatory. In yeast and plants, this type of signal is often redundant and is usually found upstream of the cleavage site and most often upstream of the A-rich sequence as well. Cleavage occurs preferentially at CA in mammals and PyA in yeast and plants. No downstream signals have been clearly identified in yeast or plants. For the most part, the polyadenylation signal appears to be recognized as a one-dimensional string of nucleotides.
Cleavage/Polyadenylation Machinery
Multiple protein factors are required for the formation of mRNA 3Ј ends and are generally conserved between yeast and mammals. The in vitro processing assays developed in mammalian cells by Moore and Sharp (315) and in yeast cells by Butler and Platt (68) have provided a successful approach for isolating these activities via fractionation of cell extracts and cloning the relevant genes and cDNAs from protein sequence. In mammals, cleavage/polyadenylation specificity factor (CPSF), cleavage-stimulatory factor (CstF), cleavage factors I m and II m (CF I m and CF II m ), RNA polymerase II (pol II) and poly(A) polymerase (PAP) are involved in the cleavage step and CPSF, PAP, and poly(A)-binding protein II (PAB II) are involved in polyadenylation (Fig. 2) . In yeast, cleavage requires CF IA CF IB, and CF II and polyadenylation uses CF IA, CF IB, polyadenylation factor I (PF I), Pab1, and Pap1 (Fig. 2) . Yeast genetics and application of the two-hybrid screen in yeast cells has led to the discovery of some of the important yeast genes, and the recent completion of the S. cerevisiae genomic sequence has allowed the quick identification of several yeast proteins as homologues of mammalian CPSF subunits. In this section, we describe what is known about these factors (summarized in Tables 2 and 3 for mammal  and yeast cell factors, respectively) . At the end, we present a model for the complexes involved in each step of the reaction.
Mammalian cells. (i) Cleavage/polyadenylation specificity factor. In the late 1980s, it was discovered that AAUAAAdependent processing required a factor termed cleavage and polyadenylation factor (CPF), specificity factor (SF), or polyadenylation factor 2 (PF2), and now called CPSF (96, 168, 453, 454) . CPSF is required for both the cleavage and poly(A) addition reactions and, consistent with this function, recognizes AAUAAA, a signal also essential for both reactions. Gel retardation experiments showed that CPSF specifically binds AAUAAA-containing RNAs (32, 45, 237) . RNA modification interference assays indicated that all six nucleotides of AAU AAA are necessary for binding (237) and that RNAs as short as 10 nucleotides can be bound specifically (491) . CPSF thus appears to recognize only the AAUAAA sequence, independent of any secondary structure. The binding of purified CPSF is very weak but can be greatly enhanced by a cooperative interaction with CstF bound to the downstream signal sequence (167, 280, 485, 499) . CPSF purified from calf thymus or HeLa cells is a large protein complex containing subunits of 160, 100, 70, and 30 kDa, referred to as CPSF-160, CPSF-100, CPSF-70, and CPSF-30, respectively (45, 328) .
The sequence of the largest subunit (160 kDa) contains a possible bipartite nuclear localization signal (NLS) and sequences roughly similar to the RNP1 and RNP2 motifs found in many RNA-binding proteins (228, 329) . The carboxyl end of CPSF-160 also has homology to the C terminus of Rse1, a yeast pre-mRNA-splicing protein (79) . The cross-linking of CPSF-160 to RNA in the processing extract depends on AAUAAA (314) , and recombinant CPSF-160 (rCPSF-160) alone binds preferentially to AAUAAA-containing RNAs (329), supporting the idea that this subunit is crucial for AAUAAA recognition. However, the specific binding of rCPSF-160 is less efficient than that observed with intact CPSF, suggesting that the participation of other CPSF subunits facilitates the recognition of AAUAAA. With HIV-1 pre-mRNAs, CPSF-160, as part of CPSF, can be cross-linked to the RNA in two places, at the AAUAAA and at the USE (164) . CPSF-160 interacts specifically with the 77-kDa subunit of CstF and with PAP (329) , which is consistent with the cooperative interactions of CPSF FIG. 2 . mRNA precursors are processed at their 3Ј ends in a two-step reaction. A primary transcript is cleaved endonucleolytically at the poly(A) site, and this is followed by the addition of adenylate residues to the 3Ј end of the upstream fragment to form a poly(A) tail. The factors responsible for each step of the reaction in mammals and in the yeast S. cerevisiae are indicated on each side.
with CstF or PAP in forming stable complexes on the RNA precursor (reviewed in references 101, 238, and 473). Interestingly, rCPSF-160 inhibits the activity of PAP in nonspecific assays, implying that CPSF may facilitate both poly(A) synthesis and termination (329) . The Drosophilia CPSF-160 is essential for viability (402) .
The 100-and 73-kDa subunits of CPSF are closely related, with 23% identity and 49% similarity (227, 229) . Antibodies raised against CPSF-100 coimmunoprecipitate all four subunits of CPSF, confirming their association as a complex (227) . The functions of both CPSF-100 and CPSF-73 are unknown, but CPSF-100, as part of CPSF in extract, can be cross-linked to RNA by UV light (136) , suggesting close contact with the precursor and perhaps a role in RNA binding.
The fourth subunit, CPSF-30, contains five CCCH zinc finger repeats followed by a CCHC zinc knuckle. Both types of motifs have been implicated in binding nucleic acid. In agreement with this sequence feature, CPSF-30 binds RNA polymers, with a distinct preference for poly(U). It has not always been detected in active CPSF preparations (164, 328) and may be less strongly associated with the other CPSF subunits under some conditions. However, it is coimmunoprecipitated with the other CPSF subunits (31, 227) , and immunodepletion of this protein from extract or partially purified CPSF fractions inhibits cleavage and polyadenylation (31) . The role of CPSF-30 is most probably to cooperate with CPSF-160 in the recognition of RNA substrates and, through an interaction with PAB II (85) , to stabilize the polyadenylation complex.
The Drosophila clipper (clp) gene encodes a homolog of CPSF-30 which has five CCCH zinc finger motifs and two CCHC zinc knuckles. Members of this highly conserved family of proteins have been found in mouse, zebrafish, Caenorhabditis elegans, and S. cerevisiae (29) . CLP is a nuclear protein that is posttranscriptionally regulated during development, and the zebrafish homolog, no arches, is essential for normal pharyngeal arch development (155) . The yeast homolog, Yth1, is part of the PF I polyadenylation factor (31) . The region containing the zinc finger motifs of CLP has endoribonucleolytic activity specific for RNA hairpins (28) , and the C-terminal zinc knuckles confer to CLP a binding preference for RNA with Gand/or C-rich clusters (29) . While these properties have not been reported for CPSF-30 and an association of CLP with other CPSF subunits has not been demonstrated, the remarkable conservation of the two proteins certainly raises the possibility that CPSF-30 is directly involved in cleavage at the poly(A) site.
(ii) Cleavage stimulation factor. CstF is necessary for cleavage but not for poly(A) addition (168, 453) , although it can stimulate poly(A) addition on substrates with a CstF binding site upstream of the AAUAAA hexanucleotide (319) . Purifi- (303, 438) . The repeats in the CstF-77 family of proteins lack the highly conserved alanine and glycine residues of a TPR, and this new motif has been termed HAT (half a TPR) (370) . Like TPR repeats, HAT repeats may mediate protein-protein interactions (101, 370) . Consistent with this sequence feature, CstF-77 was shown to be the middle subunit bridging CstF-64 and CstF-55, with three of them arranged in a linear fashion (448) . Its direct interaction with CPSF-160 probably contributes to the mutual stabilization of the CPSFCstF-RNA complex (329) . CstF-77 is homologous to the Drosophila suppressor of forked [su(f)] protein (448) . Mutations in su(f) can enhance or suppress the effects of transposon insertion, probably through changes in polyadenylation. CstF-64 contains a classical RNA-binding domain (RBD) close to its amino terminus. It is connected by a hinge region to an unusual proline-and glycine-rich region (40%) in the carboxy terminus (447) . Embedded in the Pro-Gly-rich region is a domain of 12 repeats of MEAR(A/G) in the mouse and human genes and 11 repeats of LEPRG in the chicken gene (455) . By a UV cross-linking assay with whole-cell extracts, CstF-64 was first implicated in AAUAAA-dependent binding (314, 497) . However, the site of CstF-64 was subsequently mapped to the U-rich DSE of pre-mRNA (280) . The AAUAAA dependence reflects the strong cooperative binding of CPSF to AAUAAA and of CstF to the DSE. RNA ligands selected by CstF resemble DSEs in sequence and function (42) . Selection-amplification (SELEX) using the CstF-64 RBD confirmed that this region is sufficient to recognize GU-and U-rich sequences (449) .
CstF-50 contains seven transducin, or WD-40, repeats, a motif which can mediate protein-protein interactions in other proteins (450) .
(iii) Cleavage factors I m and II m . CF I m and CF II m are required only for cleavage. (The designations CF I and CF II have been used for both the mammalian and yeast systems, but the factors are not homologous. The subscript "m" is included to differentiate the mammalian factor from the yeast one.) CF I m has been purified to near homogeneity. Three polypeptides of 25, 59, and 68 kDa and possibly a fourth one of 72 kDa copurify with CF I m activity (388, 389) . The three smaller subunits can be UV cross-linked to RNA substrates (388) . By gel retardation assays, purified CF I m has higher affinity for RNAs containing polyadenylation signal sequences than for unrelated RNAs. Furthermore, CF I m increases the stability of the CPSF-RNA complex, suggesting that this factor may also interact with CPSF and contribute to the overall stability of the 3Ј-end-processing complex (388) . cDNAs encoding the 25-and 68-kDa subunits have been recently isolated (389) . While CF I m -25 has no known motifs, CF I m -68 contains three distinct domains: an amino-terminal RNP-type RBD, a proline-rich region in the middle, and a carboxyl-terminal section consisting of alternating residues of opposite charge, with arginine residues alternating with glutamate, aspartate, and serine residues. This domain organization is strongly reminiscent of that found in the superfamily of RS-rich splicing factors. Most interestingly, recombinant CF I m -25 and CF I m -68 can be assembled in vitro and can replace purified CF I m in cleavage assays. Preliminary sequence data from studies of the CF I m -59 polypeptide reveal that it is similar to CF I m -68, suggesting either that it is a degradation product of CF I m -68 or that CF I m exists as heterodimers of CF I m -25-68 or CF I m -25-59 (389) . Analysis of the kinetics of the cleavage reaction indicates that interaction of CF I m with RNA substrate may be an early step in the assembly of the 3Ј-end-processing complex, which facilitates the recruitment of other processing factors (389) .
CF II m has not been purified to homogeneity, and its function is not known.
(iv) RNA polymerase II. Pol II, through the conserved carboxyl-terminal domain (CTD) of its largest subunit, has properties which make it an authentic cleavage factor. The CTD is found in a hyperphosphorylated form in elongating transcriptional complexes (186) . An understanding of a role for the CTD in the cleavage of pre-mRNAs evolved from a study of the function of creatine phosphate (CP) in this reaction (204) . In the early in vitro work on cleavage and polyadenylation, ATP was shown to be necessary for cleavage of precursor mRNAs (316) , and therefore CP was included to regenerate ATP through creatine phosphokinase activity in the extracts. However, other phosphocompounds can substitute for CP in the cleavage reaction, leading to the proposal that CP was acting as a mimic for a phosphoprotein (204, 205) . This hypothesis was confirmed when a synthetic CTD, even without phosphorylation, or purified pol II was shown to direct the cleavage of polyadenylation precursor in the absence of CP or ATP (205) . Pol II does not appear to be involved in the poly(A) addition step. The interaction of the CTD with CPSF and CstF (299) may stabilize the cleavage complex or, as proposed by Hirose and Manley (205) , have allosteric effects, such as those found for CTD and the capping enzyme (443) . This involvement of Pol II in cleavage is consistent with earlier studies showing that protein-encoding mRNAs transcribed by Pol I and Pol III were for the most part not polyadenylated (257, 429, 432) and with the recent demonstration of the colocalization of CstF and phosphorylated pol II in vivo (439) . Other consequences of the coupling of transcription and mRNA 3Ј-end formation are explored in a later section.
(v) Poly(A) polymerase. An activity which added adenosine residues to the 3Ј ends of RNAs was discovered in the early 1960s, and at the time it was a reaction of unknown significance (reviewed in reference 135). It is now well established that the this activity, PAP, plays a key role in the 3Ј-end formation of mRNA in eukaryotic cells. The first PAP, purified to homogeneity from calf thymus, was a degradation product of 57 to 60 kDa (475) . Cloning and expression of the bovine PAP cDNAs have identified at least two isoforms of PAP which are generated by alternative splicing (380, 475) . The longest forms, PAP I (77 kDa) and PAP II (82 kDa), differ only at their C termini and are enzymatically active (380, 515) . PAP II may be the predominant full-length species, since most cDNAs isolated from other animal cells encode PAP II-related isoforms (30, 460, 475) . Several other short forms of PAP (PAPs III, V, and VI) encode truncated proteins that are enzymatically inactive, and their function is unknown (380, 515) .
Analysis of PAP has indicated an organization of functional domains as illustrated in Fig. 3 (290, 291, 380, 381) . The aminoterminal two-thirds of PAP is highly conserved in eukaryotes and contains a catalytic domain with homology to a family of nucleotidyltransferases including many DNA and RNA polymerases (207, 291, 507) . The catalytic core of this family is characterized by a triad of conserved aspartate residues that are essential for activity. These three aspartate residues are located at positions 113, 115, and 167 in bovine PAP (291) . A primer-binding domain (C-RBS in Fig. 3 ) is located between amino acids 488 and 508, in the carboxyl-terminal portion of PAP (291) . It overlaps with a region (amino acids 493 to 538) needed for AAUAAA-dependent activity (460) , which may interact with CPSF-160. This region also encompasses NLS-1, which is required, together with a second NLS (NLS-2) about 140 residues downstream of the first, for efficient localization of PAP to the nucleus (129) . Besides the bipartite NLS, the carboxyl-terminal region is also rich in serine and threonine residues, which are the targets for multiple phosphorylations which regulate PAP activity (2, 102) . The last 20 amino acids of PAP (amino acids 720 to 739) are involved in autoregulation of U1A transcripts and in the coupling of splicing and polyadenylation (177) .
Under physiological conditions and in the absence of other factors, PAP has only a very low level of activity (472) . The rate of poly(A) addition is significantly elevated when manganese is substituted for magnesium in the reaction, increasing the affinity of the enzyme for the primer (475) . PAP is specific for the utilization of ATP (475) but has no specificity for RNA substrate. In AAUAAA-dependent polyadenylation, PAP is recruited to the processing complex by interaction with CPSF-160 (329) and is also required for cleavage of most pre-mRNAs.
(vi) Poly(A)-binding protein II. CPSF and PAP suffice for poly(A) addition to a precleaved RNA substrate. However, rapid elongation and control of poly(A) tail length requires an additional factor, PAB II (44) . The 33-kDa PAB II contains a very acidic amino-terminal domain, a very basic carboxyl-terminal domain, and a single RNP domain in its middle region. The protein tends to form oligomers and binds specifically to poly(A) and poly(G) (331, 474) . In vitro assays indicate that PAB II binds directly to CPSF-30 (85) . A Drosophila homolog is the product of the rox2 gene (60) .
Yeast cells. Fractionation of whole-yeast-cell extracts has identified five functionally distinct activities involved in cleavage and polyadenylation (82, 241) . CF IA, IB, and II are sufficient for the cleavage reaction, while specific poly(A) addition requires CF IA and CF IB, Pap1, Pab1, and PF I (Fig.  1 ). All these factors have been purified to near homogeneity, and genes encoding most of the components have been cloned (Table 3 ). All the genes that have been cloned are essential. While the polyadenylation signals used by mammals and yeast are rather different in consensus sequence and organization, the factors which comprise the cleavage/polyadenylation apparatus in these two organisms exhibit surprising conservation.
At this point, it is important to mention several considerations about experimental procedures used in the yeast system, which, when not taken into account, can make some of the findings described below seem confusing. Immunodepletion or copurification is useful to indicate the involvement of a protein in cleavage or polyadenylation, but sometimes this may simply show that a complex exists between two factors. Mutations in proteins involved in 3Ј-end formation may show defects in cleavage or poly(A) addition or both. A defect in only one step of the reaction could mean that domains important for the other step have not been affected by the mutation. Furthermore, the levels of factors may be coordinately regulated in ways which are not clear. For example, temperature-sensitive mutations in the CF IA subunits Rna15 and Rna14 or in the poly(A) polymerase, Pap1, can all lead to reduced levels of Rna15 protein at 37°C (11). Thus, a mutation which presents defects in both steps may be affecting one of the steps only indirectly. Finally, even though an activity appears to be purified to homogeneity, there is always the caveat that a critical subunit is present in substoichiometric amounts or is not easily detectable by protein-staining methods. Nevertheless, the accumulation of biochemical and genetic data described below is leading to a much clearer understanding of the roles of the various proteins in cleavage and polyadenylation. (i) Cleavage/polyadenylation factor IA. CF I was originally identified as an activity needed for both the cleavage and poly(A) addition reactions (82) , and further purification separated it into two components, CF IA and CF IB (241) . CF IA consists of four polypeptides, Rna14 and Rna15 (241, 311), Pcf11 (13) , and a 50-kDa polypeptide (241, 369) . The first indication of the involvement of Rna14 and Rna15 in poly(A) mRNA metabolism came from the dramatic poly(A) tail shortening seen in strains harboring temperature-sensitive mutations in the RNA14 and RNA15 genes (312) . These mutations are synergistically lethal with mutations in the PAP1 gene (311) . Extracts from rna14 and rna15 mutants are defective in both cleavage and poly(A) addition, and fraction complementation assays suggested that Rna14 and Rna15 were components of CF I (311) . Purification of CF I showed that Rna14 and Rna15 are indeed CF IA subunits (241) . These two polypeptides are tightly associated, as indicated by a two-hybrid assay (239) and by coimmunoprecipitation as a heterodimer from whole-cell extract or CF I-containing fractions by antibodies against Rna15 (241). The 76-kDa Rna14 has sequence homology to mammalian CstF-77 (24% identity) (448) .
Rna15, the 38-kDa subunit, is the yeast homologue of CstF-64 (448) . It contains an RNA recognition motif (RRM)-type RBD in its amino-terminal region and can be UV crosslinked to substrate RNA (241, 312, 448) . Its RNA-binding site in the processing complex is not known, and the existing clues are somewhat conflicting. Alone or as part of CF IA, Rna15 cross-links equally well to wild-type RNA and mutant RNA lacking the AU-rich efficiency element (308) . Interestingly, the RBD found in Rna15 closely resembles that of mammalian CstF-64, and both show higher affinity for U-rich sequences (449) . However, RNAs selected by Rna15-RBD affinity do not interact with CstF-64, and they bear some similarity to the upstream AU-rich efficiency element (449) . The quite distinct RNA-binding preferences of these two closely related RBDs is consistent with the divergence in polyadenylation signal sequences between yeast and mammals. Downstream of the RBD, Rna15 has a stretch of glutamines and asparagines, similar to the opa sequences of Drosophila developmental genes and to those of several transcriptional regulators (312) . Pcf11 was identified as a 70-kDa protein which interacts with both Rna14 and Rna15 in a two-hybrid screen (13) . The N terminus has some similarity to CTD-binding regions in other proteins such as Nrd1, a yeast heterogeneous nuclear RNP (hnRNP)-like protein which interacts with the mouse Pol II CTD in a two-hybrid assay and affects the elongation of Pol II transcripts containing an Nrd1-binding site (438, 439) . Pcf11 also contains a striking stretch of 20 consecutive glutamine residues followed by the region responsible for the interaction with Rna14 and Rna15 (13) . Extracts from pcf11 temperaturesensitive mutant strains are defective in both cleavage and poly(A) addition (13) . Moreover, Pcf11-specific antibodies recognize the 70-kDa polypeptide of purified CF IA (240) . Homology to Pcf11 has not been found in the mammalian system.
Microsequencing of internal peptides from the 50-kDa subunit revealed that it corresponded to elongation factor 1␣ (EF-1␣), an essential GTP-binding protein functioning in translation elongation (240) . Antibodies against Pcf11 bring down only the four subunits of CF IA from CF I-containing fractions, and the 50-kDa protein in the immunoprecipitate was recognized by EF-1␣-specific antibodies (235, 514) . However, a 50-kDa subunit has also been identified as a new protein called Clp1, which, like EF-1␣, has a P-loop motif indicative of ATP-GTP binding (369) . Thus, the identity of the 50-kDa subunit of CF IA needs to be further clarified.
(ii) Cleavage/polyadenylation factor IB. Purified CF IB is a single polypeptide of 73 kDa (241) encoded by the HRP1/ NAB4 gene (239) . This gene was previously identified as a suppressor of a temperature-sensitive npl3 allele, a gene encoding a protein which is involved in mRNA export (201) and can be cross-linked to nuclear poly(A) ϩ RNA in yeast (308) . Hrp1 is structurally related to the mammalian hnRNP A, B, and D proteins (239) and has two RRMs in its middle region, both containing RNP1 and RNP2 sequences (201) . The last 50 amino acids of Hrp1 are rich in arginine and glycine, with potential RGG methylation sites. A similar domain of hnRNP A1 can mediate protein-protein interactions (97) . Experimental data indicate that the UA-rich polyadenylation signal is the likely binding site for Hrp1. The UV-induced RNA crosslinking of recombinant Hrp1 and the endogenous protein in yeast extracts is greatly enhanced by the presence of this sequence (83, 239) . A recent SELEX analysis has also shown that UAUAUA is a high-affinity binding site for Hrp1 (464) . The closest counterpart to Hrp1 in the mammalian system, at least in terms of having an amino-terminal RBD and a function in cleavage, is CF I m -68.
Recombinant Hrp1 can fully replace the yeast CF IB in both the reconstituted cleavage and poly(A) addition assays (239) . Synergistic-lethal-interaction assays and two-hybrid analysis indicated that Hrp1 interacts in vivo with Rna14 and Rna15 but not with Pap1 (239), consistent with its copurification with CF IA. Hrp1 shuttles between the nucleus and the cytoplasm (239), a property facilitated by Hmt1-catalyzed arginine methylation (202, 423) . A recent study has reported that Hrp1 is not essential for cleavage of pre-RNAs and instead may regulate cleavage site utilization (308) . In this study, pre-mRNA substrates were cleaved at additional sites as well as the normal cleavage site in the absence of Hrp1, and Hrp1 acted in a concentration-dependent manner to suppress the use of the alternate sites. This discrepancy may be attributable to relative concentrations of factors in the reconstituted assays, to differences in the composition of CF II used in the two studies, or to other experimental procedures.
(iii) Cleavage factor II. CF II has been purified by taking advantage of its ability to reconstitute the cleavage reaction in the presence of purified CF IA and CF IB (512) . It contains four polypeptides, Cft1/Yhh1 (150 kDa) (442, 512) , Cft2/Ydh1 (105 kDa), Brr5/Ysh1 (100 kDa), and Pta1 (90 kDa) (513) . Cft1/Yhh1 was first identified by its sequence homology to mammalian CPSF-160 (24% identity and 51% similarity) (442) . Depletion of extract with antibodies to Cft1/Yhh1 abolished both cleavage and poly(A) addition, consistent with CF II also being part of PF I (see below). However, addition of a CF II-containing fraction restored cleavage activity but not poly(A) addition (442) . Cft1/Yhh1-specific antibodies recognize the 150-kDa component of purified CF II (512) and precipitate only four subunits (Cft1/Yhh1, Cft2/Ydh1, Brr5/Ysh1, and Pta1) from partially purified preparations (513) .
Cft2/Ydh1, the 105-kDa subunit of CF II, has significant homology to CPSF-100 (24% identity and 43% similarity) (512) . Cft2/Ydh1, as part of CF II, can be UV cross-linked to wild-type full-length pre-mRNA substrate but not to wild-type precleaved RNA or mutated substrate that lacks a (UA) 6 efficiency element, suggesting that Cft2/Ydh1 may recognize the efficiency element and/or poly(A) site (512) . The cross-linking of Cft2/Ydh1 to RNA is also ATP dependent.
The third subunit (100 kDa) of CF II is Brr5/Ysh1 (512), a yeast homologue of mammalian CPSF-73 with 23% identity and 48% similarity through its entire length and 53% identity in the first 500 amino acids (78, 229) . Brr5/Ysh1 was identified by this homology and as a mutation which gave a cold-sensitive defect in the in vivo splicing of mRNA. The smallest subunit of CF II has been recently identified as a protein encoded by PTA1, an essential gene affecting pre-tRNA processing (342, 513) . In one report, extracts from brr5/ysh1 and pta1 mutant strains were shown to be deficient in poly(A) addition but not cleavage (78, 369) , whereas a recent study found that these extracts were defective in both steps (513) . The cleavage defect could be rescued by CF II. These discrepancies may be due to differences in extract preparation or culture conditions, which could influence the concentration or stability of proteins in the mutant extracts.
A protein corresponding to Yth1, the yeast CPSF-30 homolog, was not detected by silver staining in the purified preparation of Zhao et al. (512) . It has been reported that Yth1 can be detected by immunoblotting in partially purified CF II (unpublished results cited in reference 308) and that point mutations in the second zinc finger cause reduced cleavage activity in vitro (309) . Interestingly, the entire CF II complex copurified with PF I (see below) (369) , suggesting that CF II also plays a role in poly(A) addition. The involvement of CF II in both cleavage and poly(A) addition and the sequence homology of three of its subunits to those of CPSF support the idea that CF II is the functional homolog of this mammalian factor.
(iv) Polyadenylation factor I. PF I was originally identified as an activity which supported poly(A) addition but not cleavage (82) . A multiprotein complex from yeast containing PF I activity has been recently purified by restoration of polyadenylation activity to extracts with mutated Fip1 subunit of PF I (369) . In addition to Fip1, this complex contained Pap1 (see below), Yth1, all four subunits of CF II, and two uncharacterized proteins, Pfs1 (58 kDa) and Pfs2 (53 kDa). The PF I-Pap1-CF II association is also indicated by coimmunoprecipi-VOL. 63, 1999 FORMATION OF mRNA 3Ј ENDS IN EUKARYOTES 415 tation experiments with yeast whole-cell extracts, since all CF II components as well as Pap1 and Fip1 were precipitated specifically by antibodies against Pap1 or Fip1 (513). It is not clear whether CF II in extract and cells exists in two forms (free and associated with PF I-specific subunits) or whether it is separated from PF I activity only by chromatography. Fip1 (for "Factor interacting with Pap1") was identified as a protein that interacts with Pap1 in a two-hybrid screen (371) . It has a predicted molecular mass of 35 kDa but migrates as 55 kDa on sodium dodecyl sulfate-polyacrylamide gels. Fip1 has some sequence homology to CPSF-160 (329) and contains a very acidic amino terminus and a proline-rich region at the carboxyl terminus. This proline-rich domain is also found in several other proteins, including CstF-77 (448), the 70K U1 snRNP (379) , and Pab1 (398) . This domain in Fip1 is not required for cell viability (371), although truncation of Fip1 beyond the proline-rich region causes temperature-sensitive growth. Extract from this strain is defective in poly(A) addition but efficient in cleavage. Biochemical analysis with in vitro translation products demonstrated that Fip1 interacts directly with Pap1, Yth1, and Rna14, although the binding to Rna14 is weak (31, 371) . Fip1 alone can alter the processivity of Pap1 (517) . These properties suggest that it is the functional homolog of CPSF-160 in the specific poly(A) addition reaction and plays a central role in the assembly of the yeast polyadenylation machinery.
Like Cft1/Yhh1 and Brr5/Ysh1, Yth1 (for "yeast thirty-kilodalton homolog") was also isolated by sequence similarity to a CPSF subunit. It has 40% identity and 60.5% similarity to CPSF-30 (31) . However, Yth1 lacks the C-terminal zinc knuckle motifs found in the metazoan proteins (31) . Yeast strains containing the yth1-1 mutant, which is truncated at its carboxyl terminus to leave only four zinc finger motifs, are temperature sensitive for growth. Extracts prepared from this mutant are normal in cleavage but deficient in poly(A) addition. While Yth1 in a highly purified PF I preparation cannot be detected by silver staining, its presence as a PF I subunit was confirmed by immunoblot analysis (369) .
The two additional proteins, p58 and p53, that copurified with PF I are encoded by the essential PFS1 and PFS2 genes (unpublished data cited in reference 238). Pfs1 has a zinc knuckle, and Pfs2 has WD-40 repeats.
(v) Poly(A) polymerase. Yeast Pap1 was the first factor of the yeast 3Ј-end processing machinery to be purified, and its gene, PAP1, was the first to be identified. PAP1 was cloned both by sequencing of the purified 64-kDa protein and by complementation of a temperature-sensitive pap1 allele (263, 351) . The yeast and mammalian Pap1 proteins are 47% identical within the first 400 amino acids, a region thought to comprise the catalytic domain and include the nucleotidyltransferase active site (291) (Fig. 3) . The carboxyl-terminal regions are not conserved. Monoclonal antibodies which recognize epitopes in the amino-and carboxyl-terminal regions of Pap1 do not recognize the mammalian enzyme (242) . An RNA-binding site at the carboxyl-terminus (C-RBS) is thought to interact in part with the phosphate backbone of polynucleotides and is essential for processive activity (517) . At least two other contacts with the RNA substrate exist in addition to C-RBS. While their location on the enzyme is not known, one is thought to recognize the last 3 nucleotides of the RNA primer and to help the enzyme discriminate against deoxyribonucleotide substrates, and another base-specific site is proposed to interact with the primer 12 to 14 nucleotides upstream of the 3Ј end (517) .
Mutational analysis has identified two specificity domains, SpD1 and SpD2, located at either end of Pap1 as indicated in Fig. 3 (517, 518) . These are probably necessary to recruit Pap1 to the polyadenylation machinery by interaction with specificity factors and to regulate its activity. In agreement with this idea, deletion of SpD1 eliminates the activity of the enzyme in association with the polyadenylation factors but has no effect on its ability to extend an oligo(A) primer. Furthermore, both SpD domains interact with the Fip1 subunit of PF I by twohybrid analysis. Interestingly, SpD2 partially overlaps with the C-RBS. The presence of recombinant Fip1 increases the K m of Pap1 for RNA 50-fold, prevents the cross-linking of Pap1 to RNA, and results in a shift to a distributive mode of action, consistent with a direct interaction of Fip1 at SpD2 (517) . It is interesting that a specificity domain of the mammalian PAP also overlaps with a carboxyl-terminal primer-binding site (291, 460) .
Unlike the mammalian system, the yeast Pap1 is not required for efficient cleavage of precursor in vitro. However, a mutation in Pap1 conferring temperature-sensitive growth can influence the choice of poly(A) site in the ACT1 transcript (284) .
(vi) Poly(A)-binding protein I and poly(A) nuclease. Yeast Pab1 is the major RNP associated with the poly(A) tails of mRNA in both the nucleus and cytoplasm (3, 420, 446) . Amino acid sequence analysis of this 70-kDa polypeptide revealed four RRM-type RBDs at its amino-terminal region and a proline-rich carboxyl terminus (67) . Pab1 is important for translation initiation (456) (457) (458) and for deadenylation-dependent mRNA turnover (71) . Recent studies have found that it is also involved in mRNA poly(A) tail formation. Pab1 cofractionates with CF IA (310) and interacts with Rna15 in two-hybrid assays and by coimmunoprecipitation (12) . Cells bearing a pab1 mutation conferring temperature-sensitive growth show aberrantly long poly(A) tails in vivo (400) and in vitro (12, 310) . Addition of anti-Pab1 antibodies to a processing extract results in an elongated poly(A) tail but has no effect on the cleavage reaction (12) . In a reconstituted-poly(A) addition assay, Pab1 was further confirmed to function in limiting the length of poly(A) tail but was not required for cleavage (239) .
Pab1 acts in concert with a poly(A)-specific nuclease (PAN) to affect the poly(A) tail length (120, 274) . PAN is composed of at least two subunits, Pan2 (127 kDa) and Pan3 (76 kDa), both encoded by nonessential genes (50, 64) . Deletion of the PAN2 and/or PAN3 gene resulted in a similar increase in mRNA poly(A) tail lengths in vivo and in the loss of Pab1-stimulated PAN activity in yeast extracts (50, 64) . Pan2 and Pan3 directly interact with each other, as shown by coimmunoprecipitation and two-hybrid analysis (64) . Pan2, which interacts with Pab1 (50), is likely to be the catalytic subunit of the PAN complex, since it is a member of the RNase D family of 3Ј-5Ј exoribonucleases (306, 321) . The proline-rich C terminus of Pab1 is necessary for PAN activity in vitro (285) . Recently identified deadenylating nucleases from Xenopus and human also belong to the RNase D family (249) . Deadenylating nuclease is localized in both the nucleus and cytoplasm and, unlike PAN, is inhibited by PAB I, the mammalian homolog of the yeast Pab1. A recent study with polyadenylation extracts found that PAN matures newly synthesized poly(A) tails to defined poly(A) tail lengths of 50 to 90 nucleotides (63) . In vivo, this process is rapid and appears to precede translation and mRNA degradation. However, it is not clear whether PAN-dependent deadenylation occurs in the nucleus as an integral step of the 3Ј-end-processing reaction or, instead, as an early cytoplasmic mRNA maturation event.
Pab1 appears to play two roles in regulating tail length: (i) suppression of the activity of Pap1 by limiting its access to the RNA substrate (517) and (ii) recruitment of PAN. These neg-ative effects of Pab1 are somewhat alleviated by Pbp1, a protein isolated by two-hybrid analysis as a Pab1-interactor (285) . In extracts from a strain lacking Pbp1, the tails are shorter, and its proposed function is to help regulate poly(A) tail length by suppressing the activity of Pab1 or perhaps the association of PAN with Pab1.
(vii) Proteins with possible auxiliary or regulatory roles in yeast polyadenylation. Other proteins which are not components of constitutive polyadenylation factors can influence the efficiency or accuracy of processing in yeast. Some of these gene products suggest interactions of polyadenylation with other cell processes or ways of regulating the activity or specificity of the reaction. For example, temperature-sensitive mutations in the essential ESS1/PTF1 gene lead to increased readthrough of certain poly(A) sites and a decrease in the level of total poly(A)
ϩ RNA in the cell (187) . This gene encodes a peptidylprolyl-cis/trans-isomerase (PPIase), an enzyme thought to function in protein folding. While in vitro work is necessary to localize the defect to transcription termination or cleavage/ polyadenylation, the authors noted that PPIases associate with the phosphorylated C-terminal domain of mammalian RNA pol II (55) and with the U4/U6.U5 tri-snRNP splicing factor (209, 459) and are proposed to promote disassociation of the HIV-1 capsid core (56) . These findings led to speculation that the yeast PPIase activity might be involved in the assembly of polyadenylation or transcription complexes or their disassembly at termination sites, a topic discussed later in this review.
Ref2, an RNA-binding protein, is important for the efficient processing of weak poly(A) sites (393) . Disruption of the gene encoding Fir1/Pip1 (122, 394), a nonessential protein which interacts with many nuclear proteins such as Pap1, Ref2, Sir4, topoisomerase 1, and lamin, exacerbates the defective processing seen in cells lacking Ref2 (394) . The yeast Pap1 was found to interact specifically with two essential proteins, Ufd1 and Uba2, by two-hybrid analysis in vivo and by coimmunoprecipitation in vitro (122) . Ufd1 has been implicated in ubiquitinmediated protein degradation (230) , and Uba2 is involved in the conjugation of the ubiquitin-like protein, Smt3, to other proteins (231) . Depletion of these proteins from cells affects the efficiency of processing in vitro (122) .
For another class of proteins, a direct connection to polyadenylation is less obvious. Mutations in several proteins involved in nucleocytoplasmic transport cause the appearance of longer poly(A) tails and transcripts which extend beyond the normal poly(A) sites, and these are discussed below. A deletion of SSM4, a gene of unknown function (283) , or overexpression of SSM1, encoding a ribosomal protein (360) , can suppress temperature-sensitive mutations in RNA14. The SSM4 deletion also restores proper ACT1 poly(A) site selection in an rna14-3 mutant (284). STS1, a gene implicated in nuclear targeting, protein transport, rRNA stability, and chromosome segregation, suppresses the mRNA-processing defect of rna15-2 by restoring normal levels of the Rna15 protein (11) . Mutations in RET1, encoding an RNA pol III subunit, or RRP6, a gene important for 5.8S rRNA 3Ј-end formation, can partially rescue the growth defect of a temperature-sensitive pap1-1 mutation (61, 62) , and a mutation in LCP5, a gene involved in 18S rRNA maturation, is synthetically lethal in combination with the pap1-7 allele (490). The mechanism by which these effects are mediated is not clear. Some of the mutations may simply make the cell less dependent on a poly(A) tail for translation or may worsen translation problems due to polyadenylation defects, or they may affect polyadenylation indirectly by affecting nuclear import and export of processing factors and mature mRNA.
A 5Ј-3Ј exonucleolytic activity degrades the 3Ј-cleavage products of both the yeast and mammalian reactions. However, this activity is not required for in vitro processing of polyadenylation precursor, since it is not present when the reaction is reconstituted from purified factors. Possible additional roles in transcription termination (discussed below) or in recycling polyadenylation factors by destroying their binding sites have not been investigated. The identity of this exonuclease is not known. The activity is magnesium dependent, and in yeast it may be provided by Rat1, a nuclear exoribonuclease which has been implicated in mRNA transport (10) . The assembly of all of these factors may be sufficient to enable cleavage to occur. There is no indication of a reorganization of the complex before catalysis, as occurs during the splicing reaction (436) . However, based on the information that reconstitution of polyadenylation in vitro requires only CPSF and PAP, significant changes probably take place after cleavage, with release and degradation of the 3Ј-cleavage product and dissociation of the CstF, pol II, CF I m , and CF II m cleavage factors. The situation may be different in the cell, with some factors remaining in the processing complex. This possibility is supported by evidence that CstF can stimulate polyadenylation if a CstF-binding site is present upstream of the AAUAAA element (319) .
Steps in
Assembly and cleavage are followed by polyadenylation. The interaction with CPSF serves to recruit PAP to the AAUAAAcontaining substrate. A complex of CPSF and PAP is adequate for a slow polymerization of an adenosine tract (44), but full processive activity requires PAB II. A biphasic poly(A) addition is observed in vitro, with synthesis being slow for the first 10 nucleotides until a binding site for PAB II has been created. The rapid elongation of the poly(A) tail to the final 250 adenosine residues found on nuclear poly(A) ϩ mRNA is promoted by the cooperative interactions of CPSF, PAP, and PAB II (471) . When the tails reach this length, processive elongation switches to a slow and distributive mode again (471) . PAB II is necessary to terminate poly(A) addition at this point, but the mechanism is not understood. This termination is probably coupled with release of CPSF and PAP from the finished product.
Yeast. Since many of the yeast factors have only recently been characterized, less is known about how they interact with the RNA precursor and with each other. The available data and the homology to mammalian factors do allow us to construct a working model for assembly and processing in this organism (Fig. 4B) . By analogy to the mammalian system, CF II and CF IA are probably prime players in the initiation of complex assembly. Their binding sites are not known, but from the structure of the core polyadenylation site in yeast, they are most probably located upstream of the cleavage site and may correspond to the UA-rich efficiency element and the A-rich positioning element. Extrapolating from the similarity of the best A-rich motifs (AAAAAA and AAAUAA) to the CPSFbinding site, we have placed CF II at this position. However, the cross-linking of Cft2 from highly purified CF II is dependent on the UA-rich sequence and the sequence at or downstream of the cleavage site, a finding which is not in accord with this model. Rna15 of CF IA shows some preference for U-rich RNAs, and CF IA may participate in recognition of the UArich motif or U tracts flanking the cleavage site. In yeast, Hrp1 (CF IB) appears to stabilize the assembly of the cleavage complex at the authentic poly(A) site (308) . Recent findings suggest that it interacts with the UA-rich element as well (83, 239, 464) and, in doing so, can prevent the cross-linking of Cft2/Ydh1. The positioning of factors in the model is obviously provisional, and further experiments must be done to establish the architecture of the processing complex. A possible sequence of events is that CF II initially identifies the poly(A) site by interacting with both the UA-rich and A-rich elements and that the subsequent recruitment of Hrp1 and CF IA results in a reorganization of these contacts. Moreover, the prevalence of adenosine and uridine residues in the yeast 3Ј untranslated sequence may provide abundant contact points for both Rna15 and Hrp1 if they are generally positioned in the vicinity of the cleavage site by CF II. CF IA, Hrp1, and CF II are sufficient for accurate cleavage in vitro (239) . Polyadenylation requires CF IA, Hrp1, Pap1, Pab1, and PF I (239). PF I is a complex of CF II plus PF I-specific subunits (369) . The Yth1 and Pfs1 subunits of PF I probably provide additional contacts with the cleaved RNA which are not shown in the model in Fig. 4B . Direct interaction with the Fip1 subunit of PF I incorporates the catalytic subunit, Pap1, into the polyadenylation holoenzyme (371) . Like the mammalian PAB II, Pab1 is necessary to limit the size of the poly(A) tail (12, 239, 310) , probably helped in yeast by the opposing action of PAN (64) . Findings such as the copurification of Pab1 with CF I over many columns (239, 310) and the depletion of CF I activity by immunoprecipitation of Pap1 from extracts (242) suggest that in the cell, all of the factors may be preassembled into a cleavage/polyadenylation complex which can be dissected apart in vitro.
The redundancy of signals at many yeast poly(A) sites suggests a need for proteins which interact with each of these elements and contribute to the stability of the processing complex. RNA-binding proteins which have been implicated directly or indirectly in 3Ј-end formation in yeast but are not part of the basic machinery (e.g., Ref2 and nuclear transport proteins such as Nab2, Grs1, and Npl3) may supply additional contacts necessary for the most efficient utilization of a yeast site. The hnRNP family of proteins may play a similar role in mammalian polyadenylation.
Perhaps the best function of the models presented above for cleavage and polyadenylation in mammals and yeast is to point out how much we do not understand about this process. For example, PAP is the obvious catalytic subunit for polyadenylation, but what is the catalytic subunit for cleavage? Why are there not obvious counterparts for some of the proteins (such as Pcf11, Pta1, Fip1, and Hrp1 in yeast and CF I m in mammals) in the two types of organisms? Surely the missing pieces are not all located in the uncharacterized CF II m . Have some of the essential yeast proteins assumed auxiliary roles that have yet to be identified in the mammalian process? Phosphatase treatment of extract blocks processing (95) , raising the unexplored issue of whether cycles of phosphorylation will be used, as in splicing (492) , for transiting from a cleavage to a poly(A) addition complex or for dissociation of factors after poly(A) addition. How important is it to balance the levels of these factors in the cell? The amounts of Rna14, Rna15, and Pap1 appear to be coordinately regulated in yeast (11) , and overexpression of Rna14 and Rna15 in yeast is not tolerated unless the two CF IA subunits are coexpressed (53) . In chicken cells, a 10-fold increase or decrease in the CstF-64 concentration did not markedly affect cell growth and did not induce changes in the level of CstF-77 (451, 455) whereas slight overexpression of PAP reduced the growth rate significantly (516) .
Polyadenylation in Other Organisms
Polyadenylation in prokaryotes has been recently reviewed by Sarkar (406) , and the topic is only briefly summarized here. Two different poly(A) polymerases have been identified in Escherichia coli, (69, 70) . Neither bears resemblance at the amino acid sequence level to the eukaryotic poly(A) polymerases, although PAP1 does have a nucleotidyltransferase catalytic site (291) . Neither enzyme is essential for bacterial growth, but a poly(A) tract is thought to promote the degradation of mRNA. The association of the S1 ribosomal protein with poly(A) suggests an additional role for this modification in translation.
Previously characterized plant poly(A) polymerases are chloroplast species (118, 259) which are likely to be related to the bacterial enzymes. A plant homolog of PAP has appeared in the genome database, and homologs of the other factors are likely to follow. A major hindrance to further elucidation of this process in plants has been the lack of an in vitro system.
Vaccinia virus is a DNA virus which replicates in the cytoplasm of mammalian cells. Accordingly, it encodes its own enzymes for mRNA transcription, capping, and polyadenylation. The catalytic subunit of the heterodimeric vaccinia virus PAP (VP55) shows no sequence homology to either the eukaryotic or prokaryotic enzymes except for sharing the nucleotidyltransferase active site (291) . Biochemical and crystallographic studies have provided very interesting insights into how this polymerase works (for a recent review, see reference 158). VP55 recognizes uridylate residues at the ends of viral transcripts and processively synthesizes an oligo(A) of approximately 35 nucleotides. At this point, it can no longer stably interact with the RNA, and so it shifts to a distributive mode of activity. The association of the second subunit, VP39, which is also the 5Ј cap methylase, restores contact with the substrate and allows processive synthesis to continue.
FORMATION OF THE 3 ENDS OF HISTONE mRNAs
In most higher eukaryotes, the majority of histone mRNAs are not polyadenylated and instead possess a strong stem-loop at the 3Ј end of the RNA. In plants (248, 445) and in lower eukaryotes, such as yeast (144) and protozoans (378) , the 3Ј ends of histone mRNAs are polyadenylated. In vertebrates, two distinct sets of histone genes, one coding for replicationdependent, nonpolyadenylated mRNAs (413) and the other coding for replication-independent, polyadenylated histone mRNAs (480, 486) , have emerged. Interestingly, histone genes containing both polyadenylation and nonpolyadenylation signals have also been identified (76, 86, 104, 245, 288, 479) .
The formation of the 3Ј ends of histone mRNAs, like polyadenylation, also involves an endonucleolytic cleavage of premRNA (159, 366) and transcription termination downstream of the cleavage site (92, 176) . The cis-acting sequences defining the cleavage site of histone mRNA precursor in higher eukaryotes consist of a highly conserved stem-loop structure 5Ј to the cleavage site and a loosely conserved purine-rich sequence 3Ј to the cleavage site, referred to as the histone downstream element (HDE) (Fig. 5 ) (for reviews, see references 325 and 413). In addition, the nucleotides surrounding the cleavage site, between the two cis-acting sequences are conserved amongst vertebrate histone genes, with cleavage occurring preferentially after an A (153). The stem-loop structure contributes to the efficiency of 3Ј-end formation but is not absolutely required (112, 322, 349, 441) . Like the poly(A) tail, it fulfills additional roles in transport, translation, and stability (131, 156, 493) .
At least three trans-acting factors are involved in histone 3Ј end processing in metazoans (Fig. 5) . The U7 snRNP is anchored to the HDE via the 5Ј end of its RNA component (112, 304, 323) . This snRNP is composed of the core snRNP proteins B, DDЈ, E, F, and G, the U7 snRNA, and two U7-specific proteins of 14 and 50 kDa (433). The essential HDE-U7 interaction serves as a molecular guide, defining the exact position of the cleavage site (52, 89, 407, 408) . Disruption of this base pairing between the HDE and U7 can severely affect 3Ј-end formation (52, 409) . The stem-loop binding protein (SLBP1), also called the hairpin-binding factor (HBF), interacts with the hairpin loop and stabilizes the association of the U7 snRNP (131, 131a, 435, 469, 481) . It remains associated with the mature histone mRNA on polysomes (189) . SLPB1/HBFs from human, mouse and Xenopus laevis are conserved, but a second protein from Xenopus, SLBP2, and a Caenorhabditis elegans protein have significant homology to the others only in a central RBD (290, 478, 481) . SLBP2 is bound to stored histone mRNAs in Xenopus oocytes and is thought to be involved in translation repression (478) . A third factor required for 3Ј-end processing is a two-component heat labile factor (160) . In the in vitro histone cleavage reaction, the 3Ј-end product is degraded to shorter forms by a 5Ј-3Ј exonuclease (477) . It has been proposed that this activity plays a role in transcription termination or in disengaging the U7 snRNP by destroying its binding site. The endonuclease responsible for the specific cleavage has yet to be identified. Since this reaction has not been reconstituted in vitro from purified components, other factors may also be required. The currently known components (SLBP1/HBF and U7 snRNP) show no relationship to those which form the polyadenylation machinery, some of which also await identification.
INTERRELATIONSHIP OF mRNA 3-END FORMATION AND OTHER NUCLEAR PROCESSES
In vitro studies have clearly demonstrated that the reactions of transcription, capping, splicing, and mRNA 3Ј-end formation can take place independently. However, recent work indicates that in vivo, the cell creates the equivalent of an assembly line which couples all of these processes on each RNA polymerase II transcript (335) .
Transcription by RNA Polymerase II
The necessity of a functional polyadenylation signal for efficient transcription termination downstream of poly(A) sites has long been acknowledged (for reviews, see references 375 and 473), and new findings bearing on the mechanism underlying this requirement are presented in this section. Factors necessary for mRNA 3Ј-end processing are found at sites of RNA synthesis in the nucleus (412) . However, it has only recently been appreciated that an interaction of pol II with the polyadenylation machinery may begin at the promoter itself. This association could be maintained as transcription proceeds across the gene such that some of the factors are actually delivered to the polyadenylation signal by the transcriptional complex. The role of pol II extends beyond that of a delivery service-its presence is important for efficient cleavage of the precursor. The assembly of the processing complex and perhaps execution of the cleavage step is then thought to alter the pol II, leading to transcription termination farther downstream (reviewed in reference 437).
Transcription initiation. The first indication of an early and direct linkage of transcription and polyadenylation factors came from a study examining the ability of pol II lacking a functional CTD to transcribe a reporter plasmid in mammalian cells (299) . When transcription was dependent on polymerases containing a severely truncated CTD, splicing, polyadenylation, and transcription termination were all inhibited. These results established that in the absence a CTD, termination was aberrant even in the presence of a functional poly(A) signal. Furthermore, the cleavage/polyadenylation factors CPSF and CstF specifically bound to CTD affinity columns and copurified with pol II in a high-molecular-mass complex.
CPSF stably associates with TFIID, a factor important for assembly of preinitiation complexes at pol II promoters (115) . It is also found in preinitiation complexes formed in vitro and then in complexes with pol II when the transcriptional complex is allowed to enter the elongation phase, leading to the proposal that CPSF is recruited to the promoter by TFIID and then transferred to pol II during initiation. The study by Hirose and Manley (205) , discussed above in the section on the cleavage/polyadenylation machinery, subsequently demonstrated that the pol II CTD was also a cleavage factor, extending the role of pol II beyond simply bringing essential components of the processing machinery to the polyadenylation site. An interesting corollary of these findings is that the efficiency of polyadenylation might vary depending on the promoter and how well polyadenylation factors are loaded onto the CTD.
Transcription termination downstream of poly(A) sites. Transcription termination downstream of 3Ј-end-processing sites is important in reducing nonproductive transcription and in avoiding transcriptional interference at downstream promoters (140, 175, 376) and chromosomal elements such as centromeres (194) and origins of replication (84) . It can also affect the utilization of an upstream poly(A) site and thus can influence the amount of mRNA derived from that gene (46, 143) . In eukaryotes, the efficiency of transcription termination generally correlates with the strength of the polyadenylation signal and the presence of a termination site or region located downstream of the poly(A) site (22, 138, 175, 221, 305, 476 ; see references 375 and 473 for earlier references). In some cases, this termination site pauses the elongating polymerase (46, 140, 143) .
A recent study with mammalian cells has shown that a splice acceptor site, through its enhancement of 3Ј-end processing as part of terminal-exon definition, also contributes indirectly to efficient termination (133a). We have already discussed what constitutes a strong, functional polyadenylation signal. We focus here on how cleavage/polyadenylation factors contribute to termination, what other factors might be necessary for this event, and what creates a pause site, and we provide models to explain how the polyadenylation process might cause pausing to change to transcription termination, as defined by the release of the nascent RNA and the RNA polymerase from the template.
(i) Role of cleavage/polyadenylation factors. Direct evidence for the dependence of termination on cleavage/polyadenylation factors came from an elegant study which examined transcription termination in several yeast strains defective in 3Ј-end processing (47) . Transcription run-on analysis was used to measure the density of RNA polymerases along a specific DNA template. This density normally shows a dramatic decrease beyond the transcription termination sites found downstream of poly(A) sites. Temperature-sensitive mutations in the Rna14p, Rna15p, and Pcf11p subunits of CF IA resulted in increased transcriptional readthrough by pol II at the nonpermissive temperature. In contrast, mutants with mutations in the polyadenylation-specific proteins Pap1p, Fip1p, and Yth1p exhibited wild-type levels of termination, even at the nonpermissive temperature.
(ii) Other factors with possible roles in termination. (a) Processivity of pol II . Other factors, some identified and others not yet identified, are likely to be important in influencing termination. Elongation factors that dissociate or are modified after transcribing through the polyadenylation site could reduce the processivity of pol II and thus contribute to the termination event (268) . Comprehensive reviews that focus on elongation have been recently published (424, 425, 462) , and therefore these factors are not addressed fully here. The phosphorylation of the CTD may be important for transcription elongation (186) and enhances its function in the cleavage reaction (205) , implying that kinases and phosphatases may be crucial in regulating the sensitivity of pol II to transcription termination sites. Several CTD-specific kinases and phosphatases have been identified (for reviews, see references 72, 186, 424, 425, and 437).
(b) Pausing and release. Pausing of pol II downstream of the poly(A) addition site may be an obligatory step leading to termination (45, 139, 142, 375) . Therefore, factors that cause the enzyme to stop without necessarily releasing the transcript can also be considered termination factors. In fact, this two-step mechanism of pause and release is utilized by the other eukaryotic polymerases, pol I and pol III, as necessary components of termination (289, 383) . Two types of signals control pol II pausing. Intrinsic signals are encoded by the template and act in an ill-defined manner to cause the polymerase to alter the rate of transcript elongation (462) . These have been found downstream of poly(A) sites (46, 143, 347) .
In addition to the intrinsic pausing elements, pol II may pause as a result of protein roadblocks (60, 61, 89, 90, 106) . For example, the MAZ protein-binding site was mapped to the termination region in the intergenic sequence of two closely spaced mammalian genes, C2 and factor B (21, 22) . Mutational analysis of the MAZ-binding site, RNA-binding studies, and poly(A) competition assays demonstrated that binding of MAZ to the termination region was necessary but not sufficient for efficient 3Ј-end formation. In this case, protein binding induces pausing of pol II downstream of the polyadenylation site and promotes termination. Unfortunately, the presence of a universal protein-DNA interaction at termination sites has not been found. Thus, in contrast to pol I, which utilizes a specific protein to facilitate the termination of rRNA transcription, and pol III, which utilizes a specific termination sequence, pol II appears to be much more versatile in its response to both sequence and protein factors to facilitate pausing and termination of transcription.
The release of the nascent RNA from the ternary transcription complex is the hallmark of the termination event. The specific events responsible for this release are not understood, but some release factors have been identified. The best understood is factor 2, a component of N-TEF (for "negative-transcription elongation factor") (501), whose activity has been implicated in premature termination before the poly(A) site is reached (37, 236, 462) . Factor 2 belongs to the Swi2/Snf2 superfamily (264), a class of factors with ATPase activity involved in many aspects of DNA-protein interactions (353) . A model for transcript release by factor 2 states that the protein utilizes its ATPase activity to disrupt the interaction between pol II and the template in a manner similar to that of other Swi2/Snf2 family members (502) . Factor 2 may play a comparable role in transcription termination downstream of poly(A) sites.
The conservation of mechanisms related to transcription between the eukaryotes and prokaryotes suggests that many of the components of the transcriptional apparatus are functionally conserved. Thus, it was surprising, based on sequence homology, that the bacterial transcription termination factor rho does not have a eukaryotic homologue (for reviews, see references 367 and 384). However, the possibility remains that a rho-like helicase activity may be utilized by eukaryotic cells. For example, purified rho factor added to an in vitro transcription reaction mixture can arrest pol II as well as cause the release of transcript from pol II paused at a protein roadblock (251a, 500). The requirement for ATP hydrolysis indicates that the rho protein was acting on pol II transcripts in a manner analogous to its role in rho-dependent termination in bacteria. A eukaryotic factor performing a rho-like function has not been identified, but there is no shortage of known ATP-dependent RNA:DNA helicases that could, in principle, provide this function (142) .
A new type of transcription termination factor has recently been discovered. At the nonpermissive temperature, a mutation in Grs1, a putative tRNA synthetase in yeast, causes transcription readthrough of the termination signals associated with yeast poly(A) sites in vivo and in vitro (281) . Processing extracts made from this strain are not defective for cleavage and polyadenylation, making this the first factor associated with transcription termination in yeast which is not a component of the cleavage/polyadenylation machinery.
Discussion. The RNA factory of the nucleus may restrict polyadenylation to pol II transcripts through the association of cleavage/polyadenylation factors with the transcriptional complex and by the requirement of the pol II CTD for efficient processing. This linkage of transcription with polyadenylation also ensures that the transcript is not terminated before its polyadenylation is guaranteed. How, then, is transcription termination coupled to pre-mRNA processing? One model (Fig.  6) proposes that cleavage of the precursor occurs while the polymerase is still engaged in transcription (107, 375) . After cleavage, a 5Ј-3Ј RNA exonuclease acting on the uncapped 3Ј cleavage product would participate in the release of pol II. A recent electron microscopy study of nascent pol II transcripts suggests that this mechanism does not account for polymerase release downstream of all poly(A) sites (345a).
It is now evident that cleavage/polyadenylation factors in yeast are indeed a prerequisite for efficient termination (47) . These factors will probably play a similar role in metazoan cells, a hypothesis which could perhaps be tested now that cell lines with regulatable CstF-64 are available (451) . A fundamental unanswered question is whether cleavage at the poly(A) site is a prerequisite for termination or if assembly of the complex is sufficient to cause termination (Fig. 6) . A variation of the model presented above might be that cleavage releases the CTD and, in doing so, somehow creates a termination-competent pol II or causes a paused pol II to disengage from the DNA template. Resolution of this issue may require the development of an in vitro coupled transcription-polyadenylation assay.
There are also cases which do not fit neatly into the models discussed above. For a yeast gene with a complex set of polyadenylation signals, a reduction in polyadenylation due to deletions of subsets of these signals did not always correlate with a decrease in termination efficiency (18) , leading to a hypothesis that assembly of a partial but nonfunctional processing complex might be sufficient to cause termination. When constructs containing tandem poly(A) signals were introduced into mouse cells, the termination efficiency was determined by the upstream signal, even if it was the weaker one (412) .
The requirement for cleavage factors for transcription termination in yeast (47) suggests that as in mammals, an early association of cleavage factors with the transcriptional complex might occur in this organism. However, a role for yeast pol II in the reconstituted cleavage reaction has not been established. Deletion of the CTD of yeast pol II perturbs the 3Ј-end processing of CUP1 transcripts but not that of CYC1 (303a). Furthermore, when a poly(A) site is transcribed in vivo by pol I or pol III in yeast, the transcripts are polyadenylated, suggesting that pol II is not always necessary for processing (260, 267) . Differences between yeast and metazoans have also been noted in the pol II-directed transcription of the U-type snRNA genes. In metazoans, formation of the 3Ј ends of these transcripts requires special snRNA promoter elements, suggesting that the transcriptional complexes on these genes are different from those on genes encoding mRNAs (91, 151) . This is not the case in yeast (352, 419) . In addition, when the processing site on a yeast U2 gene is deleted, these transcripts are now polyadenylated (260) .
Splicing
A temporal relationship between splicing and polyadenylation in metazoans has been inferred from observations that 3Ј-end formation often occurs before removal of introns in vivo (34, 148, 213, 336, 483) . While this order is not obligatory in vivo, especially with introns transcribed long before the poly(A) site is reached (35, 40, 41, 255) , single-intron RNA molecules which are first spliced in vitro are not subsequently polyadenylated (338) . Much evidence has accumulated in support of a physical connection between the splicing and the polyadenylation machinery. Depending on the context, splicing factors can stimulate or inhibit cleavage and poly(A) addition. Moreover, some of the interactions between splicing and polyadenylation factors appear to have evolved into regulatory mechanisms, and there are several cases in which the cell uses splicing factors to influence the decision of how or when to polyadenylate an mRNA precursor. In this section, we discuss studies in which the molecular mechanism coupling splicing and polyadenylation has been explored in some detail. More general aspects of how these interactions come into play during alternative mRNA processing are addressed later.
Activation of polyadenylation by splicing factors. (i) Recognition of constitutive 3-terminal exons. Recent work has shown that splicing factors can interact across exons as well as across introns. This mechanism, called exon definition, is an attractive one for marking off exons on complex mRNA precursors (39, 48) . A need for a functional linkage between splicing and polyadenylation was then suggested by the question of how to recognize terminal exons, i.e., ones at the 5Ј and 3Ј ends of the precursor. Proteins bound to the 5Ј cap structure are thought to stabilize splicing factors on a downstream 5Ј splice site (106, 258) . Likewise, an interaction of splicing and polyadenylation factors could bridge the last exon, which begins with a 3Ј splice site and ends with a poly(A) site (Fig. 7) .
This model is supported by numerous studies showing that an intron enhances the utilization of a downstream poly(A) site in vivo and in proportion to the efficiency with which the intron is spliced in vivo (4, 16, 88, 214, 265, 332, 333, 348, 416) and in vitro (340) . A functional 5Ј splice site upstream of the terminal exon is not necessary for stimulation of polyadenylation in vitro (108, 340, 482) , and mutation of the 5Ј splice site in vivo had no effect on polyadenylation of ␤-globin transcripts (16) and less of an effect than a 3Ј splice site mutation for SV40 late transcripts (88) . These findings imply that the critical interactions of splicing and polyadenylation factors extend only across the terminal exon.
In some cases, these interactions are mutually beneficial for both polyadenylation and splicing. For example, mutation of the AAUAAA polyadenylation signal impairs the in vitro splicing of proximal but not distal exons (337) and the poly(A) site strength has a proportional effect on the efficiency of the splicing reaction in vivo (416) . However, the relationship is not always reciprocal. For the human triose-phosphate isomerase gene, the efficiency of polyadenylation in vivo did not affect the efficiency at which the final intron was removed (334) . Furthermore, 3Ј splice signals found in some terminal introns may be better suited for coupling with polyadenylation sites (16) . In agreement with the lack of introns in histone genes, a cooperative interaction was not observed between splicing and the histone cleavage mechanism, although insertion of an intron into the histone pre-mRNA did activate a cryptic polyadenylation site (348) .
The physiological significance of exon definition in determining the relative processing efficiencies of two poly(A) sites is also illustrated by the need to balance the amount of ␣-globin mRNA made from four genes with that of ␤-globin made from two genes in erythrocytes. The last intron of ␤-globin pre-mRNAs is much more effective at enhancing polyadenylation than is the equivalent intron of ␣-globin transcripts, suggesting that 3Ј-end formation may play a role in maintaining the equimolar amounts of these mRNAs found in erythrocytes (16) .
The cross talk of splicing and polyadenylation across a terminal exon is likely to involve factors such as U2AF, which are associated with early recognition of the 3Ј splice site (39) . However, examination of factors which bind to polyadenylation enhancer sequences suggests that polyadenylation proteins may not directly contact 3Ј-splice-site factors but instead may interact with ones normally involved in recognition of the 5Ј splice site, such as U1 snRNP. Early studies have shown that antibodies against the Sm epitope of U snRNA-binding proteins or against U1 snRNP inhibit polyadenylation in vitro (316) and that antibodies against poly(A) polymerase coimmunoprecipitate U1 but not other snRNPs (381) . More recent work has demonstrated a direct interaction of U1 components with regions near the poly(A) site.
For example, the stimulation of polyadenylation by the USE in the SV40 late polyadenylation signal is attributed to the U1A protein binding to this site (277) and to stabilization of the interaction of CPSF with substrate by direct contact with the CPSF 160-kDa subunit (278) . U1A does not have to be associated with U1 RNA for this activation, since recombinant U1A has a similar effect (278) . In fact, the cellular component recognizing the USE may be a naturally occurring snRNP-free U1A, in complex with several proteins, one of which is an essential splicing factor, the polypyrimidine tract-binding protein-associated factor (276) . In support of this idea, antibodies against a U1A epitope which is masked when U1A is bound to U1 RNA inhibit polyadenylation in vitro on substrates containing only a poly(A) site (343) and inhibit both splicing and polyadenylation in a coupled reaction (276) . This epitope is near the RRM of U1A, which binds to the second stem-loop of U1 (279) . These data suggest that this RRM of U1A may contact the USE, and they bring into question an involvement of U1 snRNP at this enhancer element. Furthermore, this novel U1A complex may be a special adaptation for recognition of 3Ј-terminal exons.
Nevertheless, the U1 snRNA does interact with RNA in the vicinity of some poly(A) sites, suggesting that U1 snRNP may help form the bridge between splicing factors at the 3Ј splice site and the polyadenylation-processing complex. The U1 snRNA in cell extract can be cross-linked to regions in the adenovirus L3 site and the SV40 late site upstream of the AAUAAA signal (482) . These regions have some complementarity to the U1 5Ј end. The presence of a 3Ј splice site on the RNA substrate enhanced both U1 snRNA cross-linking and polyadenylation. Interestingly, deletion of the U1 snRNAbinding site did not prevent the stimulation of polyadenylation conferred by the 3Ј splice site. While this result implies a minor role for the base pairing of U1 snRNA in the recognition of terminal exons, other activities of U1 snRNP, such as its interaction with the 3Ј end of introns (152) and its interaction with U2 snRNP (119), also do not require its 5Ј end.
(ii) Recognition of alternative 3-terminal exons. In the alternative processing of the pre-mRNA for calcitonin/calcitonin gene-related peptide (CGRP), the use of exon 4 as the terminal exon in calcitonin-specific processing requires a sequence located within the intron 168 nucleotides downstream of the exon 4 poly(A) site (273) . The calcitonin enhancer stimulates the in vitro polyadenylation of precursor containing the exon 4 poly(A) site or heterologous poly(A) sites. It contains a polypyrimidine stretch and a CAG (characteristic of 3Ј splice sites), followed immediately by a 5Ј splice donor site, which binds the U1 snRNP, alternative splicing factor/splicing factor 2 (ASF/ SF2), and the SR protein SRp20 (270, 272) (Fig. 6) . Polypyrimidine tract-binding protein (PTB), which binds the polypyri-midine tract of the intron enhancer, has been implicated in the exclusion of several alternative exons (23, 77, 169, 326, 341, 355) . The action of the calcitonin/CGRP intronic enhancer requires U1 snRNP binding and is enhanced by PTB and Srp20 (271, 272) . In this case, the binding of PTB may block access of the essential splicing factor U2AF to the enhancer pyrimidine tract and thus may interrupt productive recognition of the enhancer as a splice site (271) .
PTB may also play a more direct role in activating polyadenylation. It has been shown to stimulate cleavage, but not poly(A) addition, by binding to an enhancer element upstream of the C2 complement poly(A) site in reactions with purified cleavage/polyadenylation factors (319) . In the calcitonin/ CGRP transcript, an additional PTB-binding site was found close to the AAUAAA hexanucleotide of exon 4 (271) . The importance of this pyrimidine tract has not been explored, but PTB does oligomerize (344) , an interaction proposed to bring the entire enhancer complex closer to the poly(A) site (271) FIG. 7. Exon definition and processing lead to formation of an export-competent mRNP. CBP, cap-binding proteins; U1, U2, the U1 and U2 snRNPs; SR, members of the serine-and arginine-rich family of splicing factors; U2AF, U2 snRNP auxiliary factor; SF-U1A, snRNP-free U1A complex; CPC, cleavage/polyadenylation complex; PAB II, poly(A)-binding protein II. The identity of factors directly contacting splicing factors during the bridging of terminal exons is not certain. This figure is adapted from a similar one in the review by Berget (39). (Fig. 8) . While it is not known which splicing or polyadenylation factors are in direct contact, these interactions stabilize the binding of CstF to the exon 4 poly(A) site and represent a novel means of defining a 3Ј-terminal exon (271) .
The calcitonin/CGRP polyadenylation enhancer, which resembles a pseudo-exon, functions downstream of the calcitonin exon 4 poly(A) site. While this is not the configuration of processing signals found in 3Ј-terminal exons, it does suggest that splicing factors such as U1 snRNP, SR proteins, and PTB may play a role in recognition of 3Ј-terminal exons. This arrangement is also reminiscent of the coupling of polyadenylation and transplicing in trypanosomes. In these protozoans, the downstream acceptor splice site with an accompanying polypyrimidine tract, and not AAUAAA-like consensus polyadenylation signals, determines the position of the poly(A) site in the intergenic regions of polycistronic pre-mRNAs (252, 296, 414) . Damaging the spliced leader RNA by oligonucleotide/ RNase H treatment of a U2-like region simultaneously inhibits trans-splicing and polyadenylation (461) , suggesting that assembly of a fully functional splicing complex is necessary to promote polyadenylation. A similar interaction may occur in the polycistronic precursors of C. elegans, in which trans-splicing to the second open reading frame is dependent on the upstream AAUAAA polyadenylation signal (49) .
Inhibition of polyadenylation by splicing factors. As described below, the U1 snRNP or its components in certain contexts can also inhibit polyadenylation.
(i) Inhibition by a downstream splice donor site. A scenario in which splicing factors downregulate the use of a poly(A) site can be found in the transcripts of HIV-1. Transcription of integrated viral DNA results in a precursor with duplicated poly(A) sites, but polyadenylation at the promoter-proximal poly(A) site is suppressed. The factors influencing the alternative polyadenylation of this precursor are reviewed later in the section on that topic, and here we describe only the involvement of splicing factors. A recent study has shown that the promoter-proximal poly(A) site is repressed by interaction of the U1 snRNP with a splice donor site almost 200 nucleotides downstream, which is used in processing of viral mRNAs (20) . Recognition of a poly(A) site at this position is possible if the splice site is mutated or moved further away or if the HIV-1 poly(A) site is replaced with a more efficient one (19) . The mechanism for this inhibition has not yet been worked out; it may involve direct or indirect interactions of U1 snRNP to destabilize polyadenylation factors or interaction of U1 snRNP with cap-binding proteins to define the first exon, thus blocking access to the poly(A) site (258) . This is rather different from U1 snRNP action at the calcitonin/CGRP intronic enhancer and probably reflects the fact that in HIV-1, this U1 snRNP binding site is active in splicing.
(ii) Inhibition by an upstream splice donor site. A strong U1 snRNP interaction upstream of a poly(A) site can inhibit polyadenylation. For example, a poly(A) site, even a strong one, inserted into an intron is not recognized (4, 58, 256) . However, mutation of the splicing signals activates the inserted poly(A) site, suggesting that assembly of the splicing complex across the intron excludes the polyadenylation machinery. It has also been demonstrated that insertion of a bona fide 5Ј splice site between the 3Ј splice site and the poly(A) site abolishes the coupling of the two reactions in vitro and in vivo, perhaps by making the RNA look more like an internal exon (339, 482) .
This arrangement of a U1 snRNP-binding site upstream of a poly(A) site occurs naturally in the transcripts of papillomaviruses. Polyadenylation of the late mRNAs of bovine papillomavirus type 1 in undifferentiated epithelial cells is repressed by the U1 snRNP bound to a cryptic but consensus 5Ј splice site upstream of the late poly(A) site (154) . The human papillomavirus type 16 has four overlapping motifs in a similar region which have partial 5Ј-splice-site homology (154) . Surprisingly, this inhibition is mediated by direct contact of the U1 70K protein with PAP (178) . This result suggests that the downregulation is mediated by direct protein-protein interaction at a late step in 3Ј-end formation, not only by interference with definition of the 3Ј-terminal exon. It is not known what relieves this block in terminally differentiated epithelial cells.
The mammalian U1A protein also downregulates the level of its mRNA by inhibition of PAP (177, 179) . This mechanism requires an RNA structure bound by two U1A proteins and, like the bovine papillomavirus type 1 example described above, does not target the initial step of polyadenylation complex assembly. Instead, U1A binding inhibits poly(A) addition by a direct interaction between a site in the last 20 amino acids of PAP (Fig. 3) and a 17-amino-acid domain of U1A which is similar in sequence to repeats in the U1 70K inhibitory region (178) . If multiple copies of this U1A peptide are brought together by conjugation with BSA, this conjugate is sufficient to inhibit PAP and, interestingly, to uncouple splicing and polyadenylation in vitro without affecting the processing of RNA with only splice sites or poly(A) sites. This unexpected insight suggests that PAP, which is known to be part of the cleavage complex, may provide a direct link to splicing factors during recognition of the 3Ј-terminal exon. When the base pairing of U1 snRNA upstream of a poly(A) site is not strong, as in the examples described by Wassarman and Steitz (482) , would a similar interaction of PAP and U1 70K contribute to the recognition of 3Ј-terminal exons? If so, such a mechanism would require a reorganization of the splicing/polyadenylation complex on the last exon following cleavage so that the PAP would be free to synthesize the poly(A) tail.
Role of hnRNP and cap-binding proteins. The hnRNP proteins A, B, F, H, and I (PTB) influence the efficiency or pattern of splicing by interacting with splicing enhancers or silencers (75, 93, 121, 171, 307) and perhaps with the nuclear capbinding protein complex (157) . The critical role of PTB in the calcitonin/CGRP polyadenylation enhancer (271) and the recent identification of the auxiliary polyadenylation factor DSEF-1 as hnRNP HЈ, a variant of hnRNP H (26), suggests that we can anticipate a greater involvement of hnRNP proteins in modulating the assembly of the polyadenylation complex and thus in contributing to terminal-exon definition. DSEF-1, a 50-kDa nuclear protein, binds specifically to a Grich element downstream of the SV40 late poly(A) site and increases the cross-linking of CstF to the polyadenylation precursor (26, 27) . hnRNP C interacts with the adenovirus L3 polyadenylation enhancer element (372) and with U-rich sequences downstream of several poly(A) sites (440, 495, 498) , but in at least one case, competition for hnRNP C binding with poly(U) did not affect polyadenylation (440) .
Intronless transcripts such as the HSV-TK, hepatitis B virus, and mouse histone H2a mRNAs have upstream elements which stimulate polyadenylation and nuclear transport (212, (216) (217) (218) 266) . The important motifs in these elements have not been finely mapped, and it is not known whether splicing factors will be involved in recognition of this type of polyadenylation enhancer. The HSV-TK element has a stretch [AG (G/G)UGAGA] with significant homology to the 5Ј-splice-site consensus, but a GU-to-AU point mutation does not prevent the element from promoting cytoplasmic accumulation of intronless transcripts (266) . However, it is interesting that the hnRNP L protein interacts specifically with the HSV-TK sequence (266) and with PTB (184) .
The presence of a 5Ј m 7 GpppG cap on the polyadenylation precursor enhances the efficiency of cleavage of these RNAs in mammalian extracts (108, 166) . This effect is due to stabilization of the cleavage complex by the cap-binding proteins CBP20 and CBP80 (147) , and the poly(A) addition step is not affected. The interaction is not direct, but the intermediate is not known. It may involve the same family of factors, possibly hnRNPs F and H (157) , which mediate the cap-dependent stimulation of splicing.
Summary. In summary, the effect of splicing factors on polyadenylation in vertebrates often depends on the position of actual or cryptic splice donor or acceptor sites in relation to the poly(A) site and how well these sites match consensus splicing signals. In the natural situation of a poly(A) site as part of a terminal exon, the two processes cooperate and the presence of a 3Ј splice site activates polyadenylation (Figure 7) . In certain contexts, the placement of a strong 5Ј splice site downstream or immediately upstream of the poly(A) site and the recruitment of splicing factors to this 5Ј splice site tends to inhibit polyadenylation or at least prevent its stimulation by a 3Ј splice site. In the case of calcitonin/CGRP, the intron enhancer demonstrates how, in a special context, a 5Ј splice site can stimulate polyadenylation and suggests how interactions resembling those at a 5Ј splice site can promote the recognition of 3Ј-terminal exons.
The available data indicate that the coupling of splicing and polyadenylation at the last exon will probably involve interactions of factors such as U1 snRNP, PTB, SR proteins, the U1A snRNP-free complex, CPSF, and PAP in a configuration that remains to be elucidated. Many of the elements that have been grouped as polyadenylation upstream enhancer elements (Table 1) are probably there for the purpose of stabilizing this terminal exon complex. When the 3Ј splice site upstream of a poly(A) site is weak, as is found in some alternatively processed transcripts, additional interactions mediated by splicing factors bound to exonic enhancers may also be enlisted.
It is not known whether remnants of this linkage of splicing and polyadenylation will be found in yeast. The remaining introns in yeast genes tend to be at the 5Ј end of transcripts and thus are not likely to be ones originally in need of a poly(A) site for recognition. In fact, natural or artificially inserted intron sequences located 200 bp or further downstream of the 5Ј end of a yeast transcript are not spliced out efficiently (33, 506) . Furthermore, poly(A) sites placed in yeast introns predominate over splicing (222, 393) . However, at least one yeast polyadenylation factor, Brr5/Ysh1, was discovered in a screen for cold-sensitive defects in splicing (78) . Efforts at exhaustive two-hybrid screening are also providing tantalizing leads: Pcf11 interacts with Lsm8, a protein with similarity to snRNA-associated proteins of the Sm family (151) , and a protein encoded by YMR117c interacts with Fir1 and the U2 snRNP-associated splicing factor, Prp11 (90) . Additional relationships may yet emerge.
Transport
As discussed above, mRNA synthesis involves a cooperative interaction of factors involved in transcription, splicing, and polyadenylation. The next step in mRNA utilization requires its transport from the nucleus to the cytoplasm. Recent progress in the field of nuclear trafficking has demonstrated that each major class of RNAs (tRNA, rRNA, mRNA, and U snRNAs) uses a distinct, saturable export pathway (226, 444) . The mRNA precursor becomes rapidly associated with numerous RNA-binding proteins known as hnRNP proteins (132) . Many of these proteins have been shown to shuttle between the nucleus and cytoplasm (364) , leading to the notion that export signals on this type of protein mediate the transport of mRNA out of the nucleus. mRNA 3-end formation facilitates efficient transport. Several observations have led to the hypothesis that transport factors are deposited onto the RNA during splicing and 3Ј-end formation. Some intron-containing genes are poorly expressed as cDNAs, a phenomon attributed to both a decrease in stability of transcripts in the nucleus and a defect in nuclear transport (254, 396) . Cytoplasmic accumulation is greatly improved if an intron or certain cis-acting elements found in intronless genes are included (16, 66, 216, 332) . Like 3Ј-terminal splice sites, these transport elements also facilitate polyadenylation, leading to the proposal that enhancement of transport is a consequence of more efficient polyadenylation (216, 217) . In support of this conclusion, the absence of a polyadenylation signal resulted in retention of pol II reporter transcripts in the yeast nucleus (269) , and the inhibition of polyadenylation of intronless transcripts by the influenza virus NS1 protein prevents their exit from the nucleus (330) . The positioning of a transcribed poly(A) tract at the end of the mRNA by ribozyme cleavage still resulted in poor transport, arguing against a poly(A)-induced increase in stability as the sole reason for increased RNA levels in the cytoplasm (215) .
In a similar vein, nonpolyadenylated histone mRNAs are not efficiently exported if the ends are produced by ribozyme cleavage (134) or if the stem-loop structure at the end is mutated so as to reduce the binding of SLBP1/HBF (493) . These findings linking mRNA 3Ј-end formation with export are consistent with the emerging view that the early steps in mobilizing an mRNA for transport actually occur in the nucleoplasm and not at the nuclear pore (350) .
Genetic analysis in yeast has also pointed to coordination between polyadenylation and mRNA transport. Npl3/Nop3 is a yeast hnRNP with two RNA recognition motifs and a C-terminal domain containing RGG repeats (54, 391) . It shuttles between the nucleus and cytoplasm in a transcription-dependent manner but is found predominantly in the nucleus (146) in association with polyadenylated RNA (391, 494) . Mutations in Npl3/Nop3 interfere with mRNA export (253, 391, 428) , nuclear import of proteins (54) , and the late steps of rRNA maturation (390), and they can lead to poly(A) tails which are longer than normal (428) . The mRNA transport defects of the npl3-1 allele can be suppressed by extragenic mutations in the RNA15 and HRP1 genes (201) , and other NPL3 alleles are synthetically lethal with a temperature-sensitive allele of RNA14 (250) . Recent work from the laboratory of Cole has shown that certain alleles of RNA14, RNA15 and PAP1 cause defects in both mRNA export and in vitro processing (185) .
Possible mechanisms for coupling 3-end formation and transport. The stimulation of cytoplasmic accumulation of mRNA by splicing could be attributed in part to the enhancement of polyadenylation, as discussed above. Splicing also serves another important function through the removal of splicing factors which act as nuclear retention factors (444) . Polyadenylation may play a similar role, in that the presence of certain polyadenylation factors bound to the unprocessed mRNA may prevent interaction with the transport machinery or assembly of an export-competent mRNP. This possibility has not received much attention, although it has been reported that the yeast CF IA subunit Rna15 does not exit the nucleus (200) .
The polyadenylation apparatus may also play a direct role in facilitating transport by leading to the acquisition of transport factors. Perhaps the clearest link to transport has come from the discovery that some RNA-binding proteins involved in polyadenylation also have the property of shuttling. These are Hrp1/Nab4 (239) in yeast and PAB II (73, 85) in mammals. The metazoan PAB I, which was originally thought to be only cytoplasmic, does accumulates in nuclei upon transcription inhibition (7) . The yeast homolog, Pab1, may also shuttle, since it has both nuclear and cytoplasmic functions. However, depletion of Pab1 from the cell or inhibition of its function through a temperature-sensitive allele does not cause mRNA accumulation in the nucleus (234) , and perhaps its role in transport is redundant. Experiments directly addressing the role of Hrp1/Nab4 and PAB II in transport have not been performed.
Because of the importance of the poly(A) tail to RNA translation and turnover, leakage of a significant amount of poly(A) Ϫ mRNAs into the cytoplasm could be undesirable to the cell. The recruitment of specific proteins onto the mRNA as part of the polyadenylation process could mark an RNA as mature and ready for transport and translation. Like Npl3/ Nop3, the shuttling of Hrp1/Nab4 requires ongoing transcription pol II (423) . If the only way for Hrp1 to get on the mRNA is through the polyadenylation of nascent transcripts, it is reasonable that transcription is a prerequisite for its exit from the nucleus.
There are several ways in which such a monitoring system could work at a molecular level if some 3Ј-end formation proteins, such as Hrp1 and SLBP1/HBF, have a second function in facilitating transport. These polyadenylation proteins, and perhaps others yet to be identified, could possess nuclear export signals and thus contribute to mRNP transport by interacting directly with nuclear export receptors. Analysis of the transport of the large Balbiani ring mRNP particles of Chironomus tentans by electron microscopy indicates that both the 5Ј and 3Ј ends of the RNA appear to contact the basket of the nuclear pore complex, even though the 5Ј end is the first part to cross the nuclear membrane into the cytoplasm (114) . If this is the case for all mRNPs, interactions of the pore with the poly(A) tail and/or proteins bound to it may also help correctly orient the particle for translocation.
Another mechanism for how polyadenylation proteins might participate in transport is that they interact with proteins containing export signals, such as Gle1/Rss1 (123, 327) , and in doing so, recruit them to the mRNP. Alternatively, proteins such as Hrp1 could stabilize the RNA binding of export effectors such as Npl3/Nop3, the cap-binding proteins, or the recently identified Mex67 (417) , which has a Rev-like nuclear export signal and binds poly(A) ϩ RNA. Mutations in several classes of genes cause mRNA export defects as well as an increase in the length of the poly(A) tails by about 10 to 20 nucleotides, similar to that seen in the absence of the yeast poly(A) nuclease (63) . These include ACC1, MTR2, MTR3, MTR4 (232) , NAB2, NPL3/NOP3 (428), PRP20 (150) , and RNA1 (365) . Some of these mutations (ones in PRP20, MTR3, MTR4, and PRP20) also produce extended RNA polymerase II transcripts (150, 232) , suggestive of additional defects in transcription termination. A subgroup of these proteins are associated with RNA: Mtr2, Mtr4, Nab2, and Npl3/Nop3. Mtr2 interacts with the mRNA-binding protein Mex67 and with nucleopores (405) . Mtr4 is a member of the DEAD-box helicase family (261) . Nab2, like the Npl3/Nop3 discussed above, is a yeast hnRNP. It has an RGG box and seven repeats of a CCCH zinc-binding motif, shuttles from the nucleus to cytoplasm, and is bound to poly(A) ϩ RNA (references 8 and 15 and unpublished data cited in reference 494). A second class includes proteins generally involved in nuclear trafficking (Prp20 and Rna1) or in synthesis of nuclear membrane components (Acc1). Rna1 is the yeast Ran GTPaseactivating protein, and Prp20 is the guanine nucleotide exchange factor which helps Ran release GDP (98, 113, 318) . ACC1 encodes acetyl coenzyme A carboxylase, the rate-limiting enzyme of de novo fatty acid synthesis (411) . The third class (Mtr3) is a nucleolar protein (233) .
So far, these proteins have not copurified with any of the basic polyadenylation factors and have not been shown to have any effect on the in vitro polyadenylation reaction. Mutants which exhibit atypically long poly(A) tails often exhibit global defects in rRNA and tRNA processing and in splicing of premRNA (470) . The simplest explanation for the longer tails is that trimming of the poly(A) occurs in the cytoplasm (150) . Recent work by Brown and Sachs (63) suggests that this answer may not suffice. This study showed that the combination of the PAP and the poly(A) nuclease in processing extract produces poly(A) tracts of the correct length, and upon longer incubations in vitro, the tails of the processed substrate tend to shorten. If this in vitro situation is an accurate representation of conditions in the nucleus, a longer stint in the nucleus due to the export block would not be expected to give longer tails on mRNA. Instead, the longer tails and the extended transcripts might reflect factors being titrated by the poly(A) ϩ RNA accumulating in the nucleus or factors not being able to recycle if assembly of an export complex involving proteins such as Npl3/Nop3 and Nab2 is prevented. For some mutations, especially ones in general nuclear trafficking factors such as the Ran1 complexes or in proteins causing alterations of the nuclear envelope such as Acc1, the increase in poly(A) size may be a secondary effect of concomitant blocks in protein import.
Finally, the job of some 3Ј-end-formation factors may extend beyond the nucleus and into the cytoplasm. In this case, they may not play a direct role in transport but, by arriving in the cytoplasm with the mRNP, are immediately available for other functions in translation and mRNA turnover. In addition, the release and recycling of export factors may depend on interactions of these factors with the translational machinery. The most clear-cut examples of this possibility are the SLBP1/HBF of histone mRNA processing, PTB, and the Pab1 of yeast. SLBP1/HBF is thought to be important for regulating both the translation and stability of histone mRNAs (131, 478) . PTB, a positive effector of polyadenylation, is a nuclear shuttling protein (364) and participates in translation regulation and translation initiation at internal ribosome entry sites (463) . The ICP27 protein of HSV-1 has activities similar to those of PTB. It stimulates the polyadenylation of HSV late mRNAs and enhances the binding of the 64-kDa subunit of CstF to these poly(A) sites (188, 301) , but it represses the splicing of host mRNAs (404) . It also binds to and mediates the transport of intronless HSV-1 transcripts (403). As discussed above, Pab1p is necessary in yeast for the termination of poly(A) synthesis, a function assumed by PAB II in mammalian cells. Its role in promoting the initiation of translation has been firmly established in both organisms (399) . While the shuttling ability of yeast Pab1p has not been proven experimentally, it seems reasonable that the Pab1p deposited onto the poly(A) tail in the nucleus stays put during and after transport.
The RRM-type RNA-binding domains of Hrp1 have the greatest sequence similarity to those of hnRNP A1, hnRNP A2/B1, and hnRNP D/AUF1 (239) . AUF1/hnRNP D is a protein which binds the AU-rich degradation signal of short-lived mRNAs (511) and has been implicated in regulating mRNA editing (14) and cytoplasmic mRNA stability (124, 244) . In fact, recent work has shown that mRNAs normally targeted for degradation by the nonsense-mediated decay pathway are stabilized in Hrp1-defective yeast strains (354) . Thus, Hrp1, like SLBP1/ HBF and AUF1/hnRNP D, is likely to have multiple functions, acting in 3Ј-end formation, transport, and mRNA turnover.
REGULATION OF mRNA 3-END FORMATION
General Themes
Regulation of mRNA 3Ј-end formation is one of the many ways in which cells can vary the amount and type of mRNA derived from a particular transcriptional unit. A recent review by Edwalds-Gilbert et al. (139) provided a thorough compilation of genes known to be subject to this form of alternative processing. At the level of 3Ј end formation, two types of choices can be made: (i) whether to process the transcript and (ii) where on the transcript to place the 3Ј end. These choices can be influenced by the growth conditions of the cell, its position in the cell cycle, or its differentiated state. The first situation involves only one processing site, which is used with different efficiencies. In this case, transcripts which are not polyadenylated, or cleaved in the case of histone mRNAs, will be degraded or not transported efficiently into the cytoplasm, and the amount of protein expressed from that gene will decrease. In the second type of processing choice, the cell is faced with more than one polyadenylation site, and utilization of one or the other will change the coding sequence or 3Ј untranslated region in the final product. This type of transcript falls into three categories (Fig. 9) : ones with tandem arrays of poly(A) sites within a single 3Ј untranslated region, ones with alternative 3Ј terminal exons, and ones with a composite exon whose 3Ј end is formed by either a 5Ј splice site or a poly(A) site (139) . In this section, we focus on a few examples which point to the molecular mechanisms governing these choices.
Two mechanisms are commonly used to execute these decisions. First, the efficiency with which the processing complex assembles on a site can be regulated. Many studies have shown that the efficiency with which a poly(A) site is used correlates with the stability of the 3Ј-end-processing complex formed on that site, which in turn depends on the strength of the core polyadenylation signals (163, 372, 373, 485) . Many regulated poly(A) sites are weak because the signal sequences are poor matches to the consensus sequence or are in an unfavorable sequence context (139) . As discussed above, a stable polyadenylation complex is the consequence of multiple, cooperative interactions among the basic polyadenylation factors, an arrangement which affords many targets for regulation. Taking all of this into consideration, the efficiency at which the processing complex forms will be a combined effect of the concentration of polyadenylation factors in the cell and the additional stabilizing influence of other factors recruited onto polyadenylation enhancer elements adjacent to the regulated site. Second, regulation can also be achieved by directly influencing the activity of processing enzymes by posttranslational modifications or by interaction with repressor proteins.
In several examples of alternative polyadenylation, important cis-acting regulatory sequences and the factors which bind them have been identified. As discussed in the section on the coupling of splicing and polyadenylation, the critical transacting components are often ubiquitous splicing factors or a protein such as PTB, involved in alternative processing in many types of cells. Tissue-specific or transcript-specific factors have not been discovered. Also, little is known about the molecular switches which control the levels, activity, or localization of basic polyadenylation and splicing factors, so that they now provide regulatory functions. Given the coupling of transcription and processing, it is conceivable that part of the decision may occur at the promoter. Furthermore, the choice to use a particular poly(A) site may be made rapidly following transcription through it, within a limited window of opportunity, as was found for the alternative splicing of one of the alphatropomyosin exons (385) . If regulatory modifications are made in discrete locales in the nucleus, corresponding to the space occupied by the gene producing the regulated transcripts, it may be difficult to detect changes in processing activity in cell extracts. Nevertheless, in the cases described below, there has been significant progress in understanding how changing the activity or concentration of factors involved in mRNA 3Ј-end formation can influence the utilization of a 3Ј-endprocessing site.
Regulatory Mechanisms in the Selection of Alternate 3-Terminal Exons
A common form of alternative polyadenylation results in the inclusion or exclusion of a 3Ј-terminal exon located within a multiexon transcript. To understand how this choice is made, we must consider what makes the alternative 3Ј-terminal exon visible (or invisible) to the processing machinery. From our knowledge of the mechanism of last exon recognition, it is clear that activities in the regulated environment will most probably alter the association of factors with either the 3Ј splice site or the poly(A) site. In some cases, the primary event is at the level of splicing, in some it is at polyadenylation, and in others it is at both steps. Often, weak polyadenylation or 3Ј splicing signals make inclusion of the regulated exon unfavorable, and such suboptimal signals can even be necessary for regulation.
Alternative polyadenylation of calcitonin/CGRP transcripts. The mammalian calcitonin/CGRP transcriptional unit provides an insightful example into how these choices are made. This gene has six exons and is alternatively processed in a tissue-specific manner (Fig. 10A) . In thyroid cells and most other cell types, the first four exons are almost always spliced together and polyadenylated at exon 4 to give mRNAs encoding calcitonin (397) . In neuronal cells, exon 3 is spliced instead to exon 5 nearly 100% of the time and polyadenylated at exon 6 (9). Translation of these mRNAs gives a neuropeptide, CGRP. Dissection of the mechanism of this regulated processing has been facilitated by the availability of cell lines which make predominantly one or the other form of mRNA.
Several elements on the calcitonin/CGRP precursor affect the recognition of exon 4. The exon 4 poly(A) site lacks a strong GU-or U-rich sequence and is processed poorly in vitro (468) . The intronic enhancer discussed in the section on splicing/polyadenylation coupling is essential for inclusion of exon 4 because the splicing factors assembled on it stabilize the polyadenylation complex at this weak poly(A) site (271) . The exon 4 splice acceptor site has a noncanonical uridine or cytidine residue as the branch point and a short pyrimidine tract (6, 111, 505) . Recognition of this deficient 3Ј splice site in calcitonin-producing cells is probably assisted by the presence of internal exon 4 sequences. One is a region in the first 45 nucleotides of exon 4 (109, 111) which forms part of a stemloop structure whose duplex nature is important for usage of the site in vitro (100). Two additional elements are farther downstream, and both are necessary to fully prevent the skipping of exon 4 (467, 509) . The first element of this pair resembles the Drosophila doublesex exonic enhancer critical for female-specific splicing, and the second is purine rich (467) , suggesting that Tra or Tra2 homologs and members of the SR protein family might be involved in their recognition (5) . From what we understand about 3Ј exon definition, all of the above interactions could influence the use of the exon 4 poly(A) site. If the strength of exon 4 recognition in calcitonin-producing cells is a composite of how well the different exonic and intronic elements are recognized, how is the cellular environment regulated to exclude exon 4 in neuronal cells? At present, there are some enticing leads but no clear answer to the question. If the exonic or intronic elements affecting exon 4 are mutated, exon 3 can be spliced to exon 5 in calcitonin-producing cells (273, 467) , implying that the relevant event is tissuespecific activation and/or repression of exon 4 rather than exon 5. The first element in exon 4 binds a 66-kDa protein from HeLa cells, which make the calcitonin-specific splice, and extracts from CGRP-producing cells inhibit both the binding of this protein and the inclusion of exon 4 in vitro (110, 111) , possibly through the association of two brain-specific polypeptides of 41 and 43 kDa (386) . An SR protein, SRp20, is necessary for assembly of the active intron enhancer complex, and this protein is limiting in cells which preferentially exclude exon 4 (272) . Exon 4 inclusion also increases when the PTB level is increased experimentally in vivo (271) . It is not known if the PTB level or binding affinity is normally depressed in neuronal cells, but neuron-specific isoforms have been reported (23, 77) . However, constructs containing a substitution of the first exon element with the equivalent region of exon 3, deletion of both of the downstream exon enhancers, or mutations which partially disrupted the intron enhancer were still regulated appropriately in neuronal cells; i.e., the use of exon 4 was downregulated (273, 505) . A reasonable explanation is that more than one site is a target for regulation, with this regulation occurring either by negatively acting neuronal factors or by lowered amounts of positive factors which bind to these sites. The cis-and trans-acting factors contributing to inclusion or exclusion of exon 4 are summarized in Table 4 .
Another example of the need for multiple factors to effectively bridge the alternate 3Ј exon is found in Drosophila doublesex transcripts. On this precursor RNA, recognition of the weak 3Ј splice site in the female specific exon 4 requires cooperative binding of the tra, tra-2, and SR proteins to enhancer sequences located in this exon between the 3Ј splice site and the poly(A) site (75) . This enhancer element is also important for efficient use of the poly(A) site (193) .
Alternative polyadenylation of immunoglobulin transcripts. The switch from the membrane-bound to the secreted forms of the immunoglobulin heavy chain is regulated during B-cell development by differential splicing and poly(A) site selection of the primary transcripts, and since the discovery of the phenomenon in 1980, it has been one of the most intensively studied examples of this type of alternative processing (reviewed in reference 139). Two poly(A) sites, each forming part of a different 3Ј-terminal exon, are present on the primary transcript, with the first being found on mRNA encoding secreted immunoglobulins and the second being used on mRNAs producing the membrane-bound form (Fig. 10B) . In immature B cells, the use of an internal splice donor site in exon 4 removes the secretory poly(A) site, and the two forms of mRNA are produced in approximately equal abundance. In terminally differentiated plasma cells, the secreted form is predominant. All of the immunoglobulin genes which undergo a membrane-to-secreted switch have a similar gene structure and are thought to be regulated by the same mechanism (2, 139) .
In the processing of calcitonin/CGRP transcripts, the choice was whether to use the regulated exon as the 3Ј-terminal exon. With the immunoglobulin transcripts, the processing pattern is determined by whether the alternative exon 4 is seen as an internal exon flanked by a 3Ј splice acceptor site and 5Ј donor site or instead as a 3Ј-terminal exon defined by the same 3Ј acceptor site but ending with the secretory poly(A) site. The competing processing sites on exon 4 both have suboptimal signals (295, 359) , and it has been proposed that small changes in the efficiency of either the splicing or polyadenylation reactions could tip the balance in favor of the secreted poly(A) site (358) . In addition, the murine immunoglobulin M secretory site has an unusual organization of polyadenylation signals, with a consensus AAUAAA downstream of an AU-rich region (AU AAAAAUUAG). This AU-rich region on its own can function inefficiently as an upstream signal, and two downstream GUrich regions which are both necessary for full polyadenylation activity (363) . The distal downstream element must be present as part of a stem-loop structure in order to enhance polyadenylation by stabilizing the CPSF-CstF complex (363) . The arrangement of an AU-rich region adjacent to a consensus hexanucleotide and a stem-loop similarly positioned downstream of the cleavage site is evolutionarily conserved in the immunoglobulin M secretory sites and may be important for regulation of this site.
Enhancer elements favoring one or the other pattern of processing have not been identified in the immunoglobulin transcripts (139) , and several studies have indicated that immunoglobulin-specific sequences are not necessary. Immunoglobulin genes with substitutions of the regulated processing sites or nonimmunoglobulin test genes designed to have an immunoglobulin-like structure are appropriately regulated in cell lines and in transgenic mice as long as the competing splice and polyadenylation sites are balanced in their efficiencies (357, 358, 418) . No differences have been detected in the splicing efficiencies of B cells at different stages of development or in comparison to non-B-cell types (139) . Other findings point instead to a mechanism in which changes in the amounts or activities of polyadenylation factors suffice to mediate the processing regulation.
Weak poly(A) sites, regardless of sequence composition, are used more efficiently in plasma cells than in other cell types (295) . The switch to usage of the secreted site parallels an increase in the binding but not a change in the abundance or mobility of the 64-kDa subunit of the CstF cleavage factor (137) and the 100-kDa subunit of CPSF (136) . Consistent with the idea that CstF activity is limiting in primary B cells, a 10-fold overexpression of CstF-64 in a chicken B-cell line is sufficient to switch heavy-chain RNA expression to the secreted poly(A) site in vivo, and supplying more CstF in a reconstituted in vitro reaction can increase the use of this site (455) . This study also showed that the membrane site is two-to threefold more efficiently processed than the secreted site in the in vitro system and has a higher affinity for the CstF cleavage factor (455) . These results implicate CstF and complex assembly as a primary target in determining poly(A) site choice.
On the other hand, a fivefold increase in CstF p64 levels seen when primary resting B cells are stimulated to proliferate by CD40 ligand exposure (a G 0 -to-S-phase transition) is not adequate to elicit the shift to secreted mRNAs, suggesting that other lymphokine-induced factors will also be important (292) . The distal GU-rich element of the murine immunoglobulin M secreted site is necessary for the binding of a 30-kDa protein whose induction correlates with the appearance of secretory mRNAs (362). It is not yet known if this protein is the transacting factor responsible for the more efficient polyadenylation complex formation mediated by its binding site. In addition, a 50-to 55-kDa protein binds more strongly to the membrane poly(A) site under conditions which inhibit the accumulation of the secreted mRNAs (362) . Regulation may involve both positive and negative factors-an activity has also been found in nuclear extracts from B-cell tumors which specifically destabilizes polyadenylation complexes on the secretory poly(A) site (504) . Furthermore, sequences upstream of exon 4 are necessary to fully achieve normal ratios of secreted to membrane mRNAs in plasma cells (2) , emphasizing that we still do not understand all that contributes to the fine-tuning of this regulation. The known possibilities are summarized in Table 4 .
Other mechanisms can also contribute to the preferred use of an upstream poly(A) site. In plasma cells, transcription termination increases between the secretory poly(A) site and the membrane exons of the immunoglobulin secretory poly(A) site, but not that of other isoforms (reviewed in reference 139).
However, from what we know of the dependence of transcription termination on polyadenylation, this may simply be due to an increase in use of the secretory site. In another interesting example, the exon-intron architecture of the alternatively processed alpha-thyroid hormone receptor mRNAs resembles that of immunoglobulin transcripts. However, the selection of the upstream poly(A) site in these mRNAs did not correlate with the differentiated state of the B-cell lines tested but, instead, correlated with the levels of antisense RNA naturally transcribed from an overlapping gene (191) .
Utilization of duplicate poly(A) sites in HIV-1 transcripts. Duplication of retroviral sequences during the process of integration results in one poly(A) signal immediately downstream of the viral promoter and a second, identical one more appropriately positioned at the end of the viral genome (Fig.  10C ). During transcription of the viral genes, the first site is ignored and the second is used to produce the viral transcripts. Several mechanisms contribute to this pattern of polyadenylation (Table 4) . First, the core HIV-1 viral poly(A) signal is weakened because its incorporation into a stem-loop structure causes suboptimal binding of polyadenylation factors (116, 246, 247) . It is recognized efficiently in vivo and in vitro only in conjunction with an enhancer element present upstream of the promoter-distal but not the promoter-proximal poly(A) site (174, 465) . This auxiliary element binds the 160-kDa subunit of CPSF and facilitates CPSF interaction at the AAUAAA (164) . Functional introns upstream of distal poly(A) site also stimulate its use (416) .
Taking all of this into consideration, the promoter-proximal poly(A) site is not favored, because of its inherent weakness and the lack of an upstream USE. The closeness of this poly(A) site to the promoter was also found to be detrimental (87, 484) , due to nuclear instability of short polyadenylated transcripts (415) . Moreover, the site is very effectively squelched by the strong splice donor found downstream of it (19) , an arrangement which we have discussed above.
Cell Cycle Regulation of Factors Involved in 3-End Formation
Histone pre-mRNA cleavage factors. Precise control mechanisms are required to produce new histones in a time frame within the cell cycle coincident with the replication of the genome. This is essential to ensure that newly synthesized DNA is efficiently packaged into nucleosomes. Thus, the vast majority of histones are regulated in a cell cycle-dependent manner (197) . This regulation is achieved mainly at the histone mRNA level through stringent control of histone gene transcription, mRNA 3Ј-end formation, and mRNA degradation (reviewed in references 196, 293, 325, 346, and 413) .
Posttranscriptional events, including 3Ј-end processing and mRNA stability, contribute significantly to this cell cycle regulation (190, 346, 503) . The heat-labile component of the histone 3Ј-end-processing complex becomes limiting in G 0 -and G 1 -arrested mouse cells (160, 206, 275) , and maximum 3Ј-end processing coincides with DNA synthesis in the S phase of the cell cycle. The levels of U7 snRNP do not appear to vary during the cell cycle in human cells (51) . Studies with serumstarved murine cells showed that the 5Ј end of U7 is protected from micrococcal nuclease digestion in G 0 cells (206) . This protection is removed when cells are released from G 0 by the addition of serum, suggesting that binding of a protein factor or secondary structure prevents the interaction of U7 with the histone downstream element in the G 0 state. However, a similar protection of the 5Ј end of U7 was not observed in human cells (51) .
Cleavage/polyadenylation factors. The synthesis and utilization of polyadenylated mRNAs in mammalian cells fluctuates during the mitotic cell cycle, with a large increase as cells move into S phase (38) , and a general repression of transcription and translation is seen during M, when nuclear breakdown, chromosome condensation, and chromosome segregation occur (101) . Early studies reported a concomitant increase in polyadenylation activity as cells entered S phase (99, 192) , and the advent of antibodies against many of the cleavage/polyadenylation factors has made possible an initial probe into the molecular basis of this increase. Martincic et al. (292) have recently shown that the amount of the CstF 64-kDa subunit increases fivefold during the G 0 -to-S-phase transition when NIH 3T6 fibroblasts or primary B cells are stimulated to proliferate. In that study, the levels of CstF-50 and CF I m -25 rose about twofold in B cells but not fibroblasts, while the levels of CstF-77, CPSF-100, and CPSF-30 remained constant. However, the Drosophila homolog of CstF-77, Su(f), accumulates in mitotically active cells compared to nondividing cells (24) , suggesting that cell cycle regulation may differ depending on the organism.
Differences in the expression of CstF-64 have been recently discovered in the germ cells of the mouse testis (476) . A 70-kDa form replaces the 64-kDa protein in meiotic spermatocytes. The CstF-64 gene maps to the X chromosome in both humans and mice. Thus, the 64-kDa form may be absent from spermatocytes because of X chromosome inactivation during meiosis, implying that the 70-kDa species is expressed from a homologous autosomal gene. This variant CstF subunit may facilitate the processing of the many testis-specific transcripts which lack a canonical AAUAAA (476) .
The phosphorylated state of poly(A) polymerase changes during Xenopus oocyte maturation and early postfertilization development (30) and in mammals as cells progress through the cell cycle (102) . The mammalian PAP is hyperphosphorylated during M phase by the p34 cdc2 -cyclin B complex at multiple consensus and nonconsensus sites in its carboxyl-terminal serine-and threonine-rich region (102, 103) . The observation that the hyperphosphorylated forms of PAP do not accumulate at sites of transcription (412) is consistent with the inhibition of the catalytic activity of PAP by this extensive modification (102, 103) . The S. cerevisiae PAP is phosphorylated and ubiquitinated at a point in the cell cycle corresponding to late S/G 2 , but the modified species disappear at M phase (313) . The effects of these modifications on PAP activity are not known. The change in timing of the modification from that of the mammalian enzyme may relate to differences in how S. cerevisiae progresses through the cell cycle and to the fact that the nucleus remains intact in M phase.
The expression of mRNAs from some of the S. cerevisiae genes encoding cleavage/polyadenylation factors has been examined across the cell cycle (90) . This analysis did not reveal any significant periodic fluctuations in the levels of mRNAs encoding Rna15, Pcf11, Ysh1, Yth1, Fip1, Pap1, or Pab1.
Alterations of the Cleavage/Polyadenylation Machinery during Viral Infection
Viruses often alter the polyadenylation capacity of infected cells, sometimes as a means to differentially express viral genes during the course of viral replication and in other cases as a means to suppress the synthesis of cellular mRNAs in favor of viral ones. For example, during early infection by adenovirus, transcripts made from the adenovirus major late transcriptional unit are polyadenylated predominantly at the promoterproximal L1 poly(A) site, while late in infection, a switch occurs to more distal sites. Sequences flanking the core L1 poly(A) site are responsible for this regulation (372) , and in vitro analysis has shown that they stabilize the binding of purified CPSF to this site (165) . These investigators propose that the L1 sequences, like the HIV-1 auxiliary element (164) , may provide an additional contact site for CPSF-160 or simply place the core poly(A) site in a more favorable structure. However, late in infection the positive effect of these auxiliary elements cannot compensate for a substantial decline in CstF activity, and the stronger downstream sites prevail (287, 372) . However, if cells in the late phase of infection are reinfected with virus, transcripts derived from the superinfected virus (or transfected reporter constructs) show a polyadenylation pattern typical of the early stage of infection (145) . This finding has brought about the speculation that there could be localized modification or depletion of CstF in late viral transcription centers (125) .
In other types of viral infections, viral proteins appear to play a more direct role in affecting polyadenylation efficiency. The ICP27/IE63 protein of HSV-1 is necessary for the switch from early-to late-gene expression. While an interaction of ICP27/IE63 with polyadenylation factors has yet to be demonstrated, this viral protein enhances processing at the weak poly(A) sites of late transcripts by increasing the binding of CstF-64 to these sites (301) . The Epstein-Barr virus early proteins SM and M, which are homologs of HSV ICP27, are important for a posttranscriptional increase in mRNAs encoding the Epstein-Barr virus DNA polymerase and may function by stimulating the polyadenylation of these transcripts, which are weakened by a noncanonical hexanucleotide, UAUAAA (243) .
Influenza virus uses a complex regulatory network to ensure the optimal temporal production and utilization of viral mRNAs. Some of the negative effects on cellular mRNAs are mediated by the abundant NS1 viral protein (reviewed in reference 251). This RNA-binding protein inhibits pre-mRNA splicing and nuclear export of polyadenylated mRNAs. By binding to double-stranded RNA produced during viral replication, it blocks the translation inhibition caused by doublestranded RNA-activated protein kinase. NS1 also inhibits 3Ј-end processing of cellular pre-mRNAs in vivo, and these unprocessed RNAs accumulate in the nucleus (330, 426) . The reason for this inhibition, surprisingly, turns out to be a direct interaction of NS1 with the 30-kDa subunit of CPSF, an association which prevents the binding of CPSF to precursor RNA and blocks both cleavage and polyadenylation in vitro (330) . The polyadenylation of any cellular mRNAs which do get processed is prevented because NS1 also directly inhibits PAB II function in tail elongation (85) . Influenza virus circumvents these blocks and achieves the polyadenylation of its own mRNAs through reiterative copying of virally encoded uridine stretches by the viral transcriptase (251) . The selection of CPSF-30 for negative regulation by a viral protein and the importance of the zebrafish homolog to proper development (155) may foretell its use as a target in other regulated polyadenylation events.
Alternative mRNA Polyadenylation in Yeast
While many yeast genes have multiple poly(A) sites, regulated alternative polyadenylation had been observed only for transcripts from the CBP1 gene (297) . Two sizes of mRNAs are produced from this gene, and the induction of respiration by growth on glycerol results in the preferential accumulation of the shorter one, which is polyadenylated at multiple sites in a region near the middle of the coding sequence (298) . The increased abundance of the short transcripts is not due to a change in stability of the two mRNAs or to transcription termination between the two poly(A) signals (434) . Unexpectedly, the same carbon source regulation was recently shown to operate on the transcripts of other yeast genes (AEP2/ATP13, RNA14, and SIR1) which produce long mRNAs as well as truncated ones that end within the coding sequence (434) . A consensus sequence which might specify this regulation could not be perceived by examination of the sequences surrounding the different poly(A) sites.
The molecular mechanism underlying this regulation has not been identified, but it may involve the Hrp1 cleavage/polyadenylation factor. It was recently found that inaccurate cleavage can occur upstream of a normal poly(A) site when this protein is not present in processing reactions (308) , leading to the speculation that limiting amounts of Hrp1 may provoke the shift in polyadenylation sites described above. On the other hand, changes in levels of other processing factors may also be involved, since limiting the amounts of active Rna14, Rna15, or Pap1 by temperature-sensitive mutations favors the use of the more distal poly(A) sites in ACT1 and RNA14 transcripts (282, 284) . Interestingly, a similar regulation has been reported for the Drosophila homolog of Rna14, Su(f), in that accumulation of truncated Su(f) transcripts requires wild-type Su(f) protein (25) .
CONCLUSIONS AND PERSPECTIVES
Regarding the basic polyadenylation mechanism, more research is needed to define the architecture of the processing complex, i.e., how the factors interact with each other and with the RNA substrate and how this changes as the cleavage complex is converted to a poly(A) addition complex. The future will probably bring additional understanding of the dynamic interplay of processes involved in mRNA synthesis and utilization. Models of how transcription termination and 3Ј-end formation are coupled need to be tested, and the contacts with splicing and transport factors should be probed in greater detail. Several unique mechanisms to elicit alternative polyadenylation have been identified. The recent review by EdwaldGilbert et al. (139) described 33 known genes in which the choice of poly(A) site was regulated at different developmental stages or in different tissues, and there are probably many more such genes. How many different ways will the cell have devised to accomplish this alternative processing? Certain players continue to make appearances at regulated sites, and common themes should continue to manifest with future research. A major challenge will be to determine how the cellular environment modulates the activity or levels of these regulatory factors. All of these endeavors will no doubt be aided by the rapid accumulation of genomic sequence information, by the growing sophistication of tools to analyze this huge database, and by the increasingly efficient methods to determine genome-wide expression patterns and proteinprotein interactions.
